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The thesis aims to study the physicochemical properties of various biopolymers. It 
contains two parts, progressing from intermediate to high solid biopolymer systems. 
The first part of the thesis attempts to reveal the relaxation mechanism and molecular 
architecture of intermediate solid gluten system at subzero temperatures. In doing so, 
techniques of modulated differential scanning calorimetry, small-deformation 
dynamic oscillation on shear, and transmission electron microscopy were employed. 
The shallow and broad relaxation observed calorimetrically due to the polydispersity 
of the material was not seen in mechanical response of the material; instead, ice 
melting was the most important factor controlling the mechanical stability. In the 
absence of a distinct glass transition region, ice melting was proposed to be a valid 
indicator of molecular mobility and quality control for frozen hydrated gluten. The 
supramolecular morphology of the protein is made of cohesive sheets or thin films, 
and the molecular interactions of the gluten network are severely affected by ice 
formation as well as recrystallization. 
The second part of the thesis deals with characterization of high solid systems, and 
three different types of systems were studied. First type of system consists of gelatin 
and co-solute (glucose syrup), and the effect of molecular weight difference of gelatin 
on the vitrification of the system was studied. Vitrification behavior of the systems 
was characterized using small-deformation dynamic oscillation and transient stress 
relaxation experiments, and was further modeled according to the scheme of Williams, 
Landel, and Ferry (WLF) equation in conjunction with the concept of free volume, as 
well as the coupling model in the form of the Kohlrausch, Williams and Watts (KWW) 
IX 
 
function, which provided the glass transition temperature (Tg), fractional free volume 
(f), relaxation time (τ), and coupling constant (n). Finally, molecular weight of gelatin 
was related to the coupling constant of the system. Second type of system utilizes 
gelling polysaccharides instead of gelatin, together with glucose syrup. The same 
techniques were used to evaluate the relaxation dynamics of the systems, and the data 
obtained were modeled with WLF and KWW equations to find out the Tg, f, τ, and n. 
Molecular interactions in these polysaccharide/co-solute systems were found to be 
stronger compared to those of gelatin/co-solute systems, due to their distinct 
microstructures. Building on the understanding of polysaccharide/co-solute system, 
the translational mobility of a small molecular compound in high solid glucose syrup 
system with/without κ-carrageenan at the vicinity of Tg was examined using UV 
spectroscopy and correlated with vitrification of the matrices. Translational diffusion 
diminishes as the temperature approaches their respective Tg, and becomes minimal at 
Tg. In addition, for both systems, translational mobility can be directly related to 
mechanical Tg of the systems. Furthermore, the diffusing compound was found to 
have a much higher translational mobility compared to the molecules composing the 
matrices. In the last type of system, eight different polysaccharides, both gelling and 
non-gelling, were incorporated into starch based system to make a commercially 
applicable product, instant noodle. Characterization of both the raw ingredients and 
the noodle systems employed a variety of techniques, including small-deformation 
dynamic oscillation, tensile test, texture profile analysis, scanning electron 
microscopy, and Fourier transform infrared spectroscopy. Propylene glycol alginate 
and xanthan gum was shown to produce noodles with the best textural properties, and 
this was postulated to be due to the more extensive release of amylose from the starch 
by addition of the gums. 
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CHAPTER 1. RHEOLOGICAL INVESTIGATION AND MOLECULAR 




The structural properties and ultra morphology of hydrated gluten networks at 
subzero temperatures were studied. Modulated differential scanning calorimetry 
(MDSC), small deformation dynamic oscillation on shear, and transmission electron 
microscopy (TEM) were employed as analytical tools. The experimental protocol 
could not find a well-defined glass transition region in terms of overall spectrum 
shape and temperature band. The reversing component of heat flow recorded using 
MDSC shows a broad glass transition zone, attributed to the polydispersity and 
insolubility of the material. Furthermore, calorimetrically observed relaxation 
mechanisms of hydrated gluten do not match with its mechanical response in the 
temperature domain obtained by dynamic oscillation, an outcome which argues that 
there is no direct link between the mechanical stability and calorimetrically recorded 
molecular processes of the system. In the absence of a distinct glass transition region, 
it was proposed that ice melting could be considered as a valid indicator of 
mechanical stability and quality control for frozen hydrated gluten system. TEM 
shows that the ultra-morphology of the networks in these systems is made of flat 
sheets or thin films of gluten molecules being ruptured by ice formation and 






Wheat is the most widely grown crop in the world, with a total area of 220 × 
106 hectares and yields exceeding 500 × 106 tons per annum (Madgwick, Pratt, & 
Shewry, 1992). A large portion of wheat produced is used for human consumption, 
particularly in the form of breads, pastries, noodles, and pastas. Besides home use, 
wheat flour is also frequently used in the backing industry. The popularity of wheat 
flour encouraged a lot of research effort related to its properties and functionalities. 
The main component of wheat flour is wheat starch, however, another component of 
smaller quantity, wheat protein received particular attention because of its ability to 
form viscoelastic network upon hydration. The low solubility fraction of wheat 
protein is called gluten, and it accounts for approximately 80% of total wheat protein. 
Wheat gluten proteins are mainly comprised of gliadins and glutenins. Gliadins are 
monomeric protein molecules which contribute to the viscosity of the hydrated gluten 
network. Glutenins, on the other hand, contain different subunits connected by 
intermolecular disulfide bonds, upon hydration, glutenins contribute to the elasticity 
of the network.  
Formation of gluten network requires both hydration of its protein fractions 
and input of mechanical energy, processes which are responsible for the rheological 
properties of dough. Therefore, in order to improve the quality of frozen dough, 
fundamental understanding of the phase change of water and its impact on the 
rheological properties of gluten matrices is required. Although wheat flour is mostly 
used at room temperature for home use, storage of frozen dough is widely practiced in 





worth studying. Preservation at subzero temperatures results in dramatic changes in 
the physicochemical properties of foods primarily due to the ice formation and 
recrystallization. The effect of freezing technology on dough, and the problems 
associated with ice crystal formation and recrystallization have been reviewed 
recently (Selomulyo & Zhou, 2007). Recent thermodynamical considerations of the 
calorimetrically observed phase changes of water in gluten matrices suggested a novel 
approach to the interpretation of the microstructure of hydrated gluten networks 
(Kontogiorgos & Goff, 2006). This molecular analysis supported by theoretical 
postulates proposes that gluten forms nanocapillaries capable of confining water, thus 
allowing rationalization of molecular transitions as well as quantitative explanation of 
the deterioration of gluten during storage as the processes of recrystallization of 
capillary confined ice, and in the bulk (Kontogiorgos & Goff, 2006). This approach 
has been used to demonstrate the subzero aging behavior of hydrated gluten 
(Kontogiorgos, Goff, & Kasapis, 2007) as well as of flour-water mixtures 
(Kontogiorgos, Goff, & Kasapis, 2008) using calorimetry.   
Although topics involve gluten has been of great interest, the extent to which 
calorimetrically observed molecular relaxations are related to the mechanical stability 
of the matrix at subzero temperatures is largely unknown. Thus, the objective of the 
present work is to examine the connection between calorimetrically and mechanically 
observed relaxation processes at subzero temperatures, and to build additional 
understanding of the ultra-structure of highly hydrated gluten systems at subzero 
temperatures. This information will provide help to the baking industry in products 





1.3 Literature Review 
1.3.1 Gluten 
Gluten, the major storage protein of wheat, is the insoluble fraction of wheat 
protein, and it is responsible for the formation of viscoelastic dough from wheat flour. 
The cysteine and cystine residues in gluten, although only account for 2-3% of 
gluten’s total amino acid residues, are critical for dough formation by undergoing 
sulfhydryl-disulfide interchange reactions, which result in extensive polymerization of 
gluten proteins (Damodaran, 1996). Upon hydration, under applied shear and tensile 
forces, gluten proteins partially unfold, which facilitates sulfhydryl-disulfide 
interchange reactions. The disulfide cross-links formed, together with hydrogen 
bonding and hydrophobic associations result in formation of sheet-like viscoelastic 
polymer networks.  
Gluten is a heterogeneous mixture of proteins with limited solubility in water, 
it is classically divided into two groups based on their solubility in alcohol-water 
mixtures, the gliadins (soluble part) and glutenins (insoluble part) (Madgwick, Pratt, 
& Shewry, 1992). Gliadins are comprised of four groups, α, β, γ, and ω-gliadins. They 
exist as single polypeptides with molecular weight distribution (MWD) ranging from 
30 to 80 kD (Damodaran, 1996). Under condition of dough making, gliadins appear to 
form mainly intra-molecular disulfide bonds (Shewry & Tatham, 1997). Thus, 
gliadins were thought to provide mainly viscosity to wheat dough. 
Glutenins are heterogeneous polypeptides, which can be further classified into 





polypeptides are thought to be linked via interchain disulfide bonds, which give 
polymers a wide MWD that ranges from 100 to 10000 kD (Carceller & Aussenac, 
2001). The interchain disulfide bonds among glutenins contribute greatly to the 
elasticity of wheat dough. 
 
1.3.2 Glass Transition 
 Phase transition is classified into two groups, first order phase transition and 
second order phase transition, based on the observed discontinuities at transition 
temperatures (Roos, 1995). First-order phase transition exhibits discontinuity in the 
primary variables of thermodynamics including volume, enthalpy, and free energy; 
whereas second-order phase transition records discontinuity in the first derivative of 
these variables, such as heat capacity and thermal expansion coefficient (Kasapis, 
2006b). Glass transition is sometimes categorized as a second-order transition, 
because it exhibits step changes in heat capacity and thermal expansion coefficient; 
however, since the transition occurs over a temperature range, and it’s dependent on 
measurement conditions, it should be a kinetic transition rather than a second-order 
transition (Liu, Bhandari, & Zhou, 2006).  
Glass transition is the transition between a glass and a supercooled melt (bi-
directional). Although it happens over a temperature range, the phenomenon is 
commonly characterized by a single temperature called glass transition temperature 
(Tg). Above Tg, the material exists as supercooled melt, and below Tg, it is called 





arrangements with extremely high viscosity (typically 1012 Pa·s). Translational and 
rotational motions of the molecules are dramatically reduced in the glassy state due to 
this high viscosity (Fennema, 1996). Therefore, the Tg has been considered to be an 
effective indicator for process stability, product property, and food quality changes 
during storage. 
Food products can be produced in completely or partially amorphous state 
using a variety of processing methods, such as spray-drying, freeze-drying, extrusion, 
and baking (Le Meste, 2002). Examples of food products containing amorphous or 
partially amorphous structures include hard candy, powdered drink mixtures, extruded 
snacks, and breakfast cereals.  
Several properties of the material exhibit distinct changes during glass 
transition. These properties can be classified into three categories, thermal dynamic 
properties, molecular dynamics properties, and physicochemical properties (Schmidt, 
2004). A number of analytical methods were developed to identify Tg based on the 
change of these properties during glass transition, such as differential scanning 
calorimetry (DSC), thermomechanical analysis (TMA), dynamic mechanical analysis 
(DMA), dielectric analysis (DEA), nuclear resonance (NMR) spectroscopy, and 
electron spin resonance (ESR) spectroscopy. However, it must be emphasized that 
each method “sees” a sample from its own perspective, depending on the material 
property being probed, thus, no one method yields a “true” Tg, the measurement 






1.3.3 Modulated Differential Scanning Calorimetry 
 Differential scanning Calorimetry (DSC) is a means of thermal analysis in 
which the difference in the amount of heat supplied to, or removed from the sample 
and the reference during a temperature program is measured as a function of 
temperature, from which information concerning the behavior of a material can be 
derived. There’re two types of DSC instruments currently, heat flux DSC and power 
compensation DSC. In heat flux DSC, the sample and reference pans are placed in the 
same furnace and heated by the same source. The temperature difference between 
sample and reference is measured, and converted back to heat flow. In power 
compensation DSC, the sample and reference pans are placed in two isolated furnace 
and heated by separate sources. The temperature difference of the sample and 
reference are maintained at zero by adjusting the heat supply to the sample pan, and 
the difference in heat supply is recorded as a function of temperature (Coleman & 
Craig, 1996).  
 Modulated differential scanning calorimetry (MDSC) is an extension of 
normal DSC, in which a small amplitude sine wave temperature modulation is applied 
to the standard linear temperature program. A mathematical treatment is then used to 
deconvolute the calorimetric response to the modulated temperature program from the 
calorimetric response to the underlying linear temperature program, thus, MDSC 
utilizes the same basic equipment of DSC (Reading, Luget, & Wilson, 1994).  
 A system can undergo reversible process or irreversible processes when 
subject to DSC temperature program. Reversible processes are those which can be 





associated with such a process is dependent on the rate of temperature change. On the 
other hand, the irreversible kinetically controlled processes are not in equilibrium with 
the temperature program, and the heat flow signal is dependent on the absolute 
temperature (Reading, Luget, & Wilson, 1994). Mathematical treatment can be used 
to separate the reversing heat flow and non-reversing heat flow, which contains 
different thermal processes. Thus, compare to the conventional DSC, MDSC can 




Rheology is defined as the study of the deformation and flow of matter (Rao, 
1999). It is used to characterize and study various materials, such as paints, synthetic 
polymers, ceramics, pharmaceuticals, personal care products, and foods. Various 
types of rheological techniques are available, which can measure the response of 
materials to compression, extension, shear, or torsion (Hoefler, 2004) at different 
magnitudes of deformation (small or large deformation). Rheometer is a type of 
instrument capable of rheological measurement on shear. Most rheometers are able to 
perform three categories of tests, including flow tests, small deformation dynamic 
oscillatory tests, and transient tests. 
Flow test is large deformation rheological test. In a flow test, the geometry 
turns in one direction continuously, creating a uni-directional shear to the sample. The 





(σ) is measured as a function of shear rate. Due to the fact that the shear is uni-
directional, flow test is a destructive measurement. Thus, it is normally used to 
characterize fluids (Rao, 1999). 
Small deformation dynamic oscillation is another type of rheological 
measurement, conducted by rheometer and often used to characterize viscoelastic 
materials. These tests probe viscoelastic properties of materials by application of 
sinusoidally oscillating (bi-directional) stress (σ) or strain (γ) with time and measuring 
the response, result in viscoelastic properties as a function of time, temperature, 
oscillating frequency, or strain (Dobraszczyk & Morgenstern, 2003). The total 
resistance of the sample to oscillatory shear is called the complex modulus, G* (G* = 
σ / γ), with unit of Pascal. The complex modulus relates to its two components (G' 
and G") by G* = (G'2 + G"2)1/2. G' is the elastic modulus, also called storage modulus, 
describing the energy stored in the system from small deformation oscillatory motion, 
and G' is a measure of structure of the sample. G" is the viscous modulus, also called 
loss modulus, describing the energy loss of the system as viscous heating due to 
friction created by small deformation oscillatory shear, and G" is a measure of the 
flow property of the sample in the structured state. Another commonly used parameter, 
tan δ, also called damping factor, is the ratio of G" and G'. damping factor is 
associated with the degree of viscoelasticity of the system; a low value of tan δ 
indicates a higher degree of elasticity (more solid-like), whereas a high value of tan δ 
indicates a higher value of viscosity (more liquid-like). 
The term “small deformation” refers to the degree of deformation which is 





Within the LVR of the system, the applied deformation is small enough such that the 
molecules have enough time to restore equilibrium within the time scale of 
experiment. Thus, small deformation oscillation is a non-destructive technique (Ferry, 
1980a). There are four types of small deformation oscillatory experiments. Time 
sweep, in which strain (deformation), frequency, and temperature are kept constant, 
and viscoelastic properties are measured as a function of time; strain sweep, in which 
frequency and temperature are kept constant, and viscoelastic properties are measured 
as a function of strain; frequency sweep, in which strain and temperature are kept 
constant, and viscoelastic properties are measured as a function of frequency of 
oscillation; and temperature scan, in which strain and frequency are kept constant, and 
viscoelastic properties are measured as a function temperature. A few types of 
temperature scan can be performed by most of the rheometers, temperature ramp, 
temperature step, and frequency/temperature sweep. In temperature ramp experiment, 
the temperature is changed continuously at a constant ramp rate, and the material 
response is monitored at a constant frequency and constant amplitude of deformation, 
data is taken at user defined time intervals. A proper ramp rate should be chosen such 
that the material has enough time to equilibrate as temperature changes. In a 
temperature step experiment, a step and hold temperature profile is applied, and 
material response is monitored at a fixed frequency and amplitude of deformation. 
This is useful if molecular rearrangements take time and the measurement has to be 
taken at the particular temperature. In a frequency/temperature sweep experiment, the 
mode of temperature scanning is the same as temperature step experiment, but at each 
temperature, instead of taking measurement at a fixed frequency, data will be taken at 





of the system, the rest of the experiments should always be carried out within the 
LVR of the system. 
Transient experiments involve an application of an instantaneous stress or 
strain, and following the resulting strain or stress with time. There’re two types of 
transient tests, stress relaxation test and creep test. In stress relaxation test, an 
instantaneous strain is applied to the sample, and the resulted stress on the sample is 
recorded as a function of time, stress relaxation modulus (G(t) = σ(t) / γ) can be 
calculated from the measurement. In creep test, an instantaneous stress is applied to 
the sample, and the resulted strain of the sample is recorded as a function of time, 
after the measured strain approaches a constant value, it is desirable to remove the 
stress and follow the creep recovery. Creep compliance (J(t) = γ(t) / σ) can be 
calculated from the measurement (Ferry, 1980b). 
 
1.3.5 Transmission Electron Microscopy 
Electron microscopy is a broad range of techniques of using an electron beam 
to form magnified images of specimens. They can provide as much as a thousand fold 
increase in resolving power compare to light microscope ((Flegler, Heckman, & 
Klomparens, 1993), and it is widely used in biology, medicine, and material sciences. 
Two basic types of electron microscopes are transmission electron microscope (TEM) 
and scanning electron microscope (SEM). 
Transmission electron microscope (TEM) is similar to light microscope, 





formation, instead of light. A TEM column mainly comprises of a gun chamber, 
which produces the electron beam; a series of lens systems, in which the specimen is 
inserted into, and the image is magnified; and the specimen viewing chamber, in 
which the image is projected onto the viewing screen; and finally, a camera is usually 
fitted with the TEM column to capture the image. To view the magnified image with 
TEM, a large portion of the sample is illuminated with a beam of electrons; electrons 
that pass through the sample are used to produce a transmitted optical image (Flegler, 
Heckman, & Klomparens, 1993). Thus, the specimen has to be thin enough for the 
electron beam to pass through. 
Specimen preparation is critical in obtaining accurate information with high 
resolution, and it usually involves a number of steps. The sample is first fixed with 
one or more fixatives to fix the components of the sample in place, so that they won’t 
be rearranged or washed away in the following steps. The sample should then be 
dehydrated by serially exchanging water in the sample with a solvent to facilitate the 
next infiltration step. Unpolymerized resin is then infiltrated into the sample and 
polymerized, such that the sample is embedded into the polymer matrix, this is to 
provide support during ultrathin sectioning. Ultrathin sectioning is usually done by a 
device called ultramicrotome, to obtain specimen of thickness less than 100 nm. 
Finally these ultrathin sections can be strained with electron-dense stain to obtain 







1.4 Materials and Methods 
1.4.1 Materials and Sample Preparation 
Gluten from wheat was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Preliminary experiments showed that homogenous hydrated gluten samples could not 
be prepared at significantly higher or lower than 40% w/w gluten solid levels. In the 
former case the sample could not be sufficiently hydrated whereas the latter resulted 
in extensive syneresis. Since it appeared that the appropriate range for reproducible 
sample preparation with this material is between 35% and 45% w/w gluten solids, 
samples of 40% w/w hydrated gluten were prepared. Deionized water was added 
slowly into gluten powder, and the mixture was mixed and kneaded manually with a 
spatula until a macroscopically uniform matrix was obtained. The preparation was 
then wrapped thoroughly with a plastic membrane to prevent water evaporation and 
left to further hydrate at 4ºC for 30 min. Gliadin and glutenin fractions that were used 
for TEM observations were isolated from gluten following a classical isolation 
scheme (Shewry, 2003). 
 
1.4.2 Modulated Differential Scanning Calorimetry 
Samples (15 - 25 mg) were hermetically sealed in Alod-Al pans and subjected 
to MDSC measurements (Q1000 DSC, TA Instruments, New Castle, DE, USA). 
Cooling was controlled via a refrigerated cooling system that accompanies the DSC. 
The unit operates from -90 to 550oC using a two-stage closed evaporative system. 





range of interest. Cell constant and temperature calibration was performed with 
indium and MilliQ water at a heating rate of 1oC/min, and heat capacity was 
calibrated using sapphire. For all scans, an empty pan was used as reference and 
nitrogen as purge gas at a flow rate of 50 mL/min. MDSC measurements were 
performed after quench cooling of the samples to -80oC at 10oC/min. The pans were 
held at -80oC for 5 min and scanned to 10oC with underlying heating rate of 1oC/min, 
period of 60 s and amplitude of ±1oC as described previously (Kontogiorgos & Goff, 
2006). Measurements were carried out at least in triplicate yielding effectively 
overlapping traces. 
 
1.4.3 Small Deformation Dynamic Oscillation 
Mechanical measurements in the form of small deformation dynamic 
oscillation on shear were carried out using the Advanced Rheometrics Expansion 
System (ARES, TA Instruments, New Castle, DE, USA) which is a controlled strain 
rheometer. ARES has an air-lubricated and essentially non-compliant force rebalance 
transducer with the torque range being between 0.02 and 2,000 g cm. A build-in air 
convection oven with a heater connected to a mechanical chiller (Polycold Gas Chiller, 
Polycold Systems International, USA) was used for temperature control. The system 
is controlled using the operational software accompanying the instrument (TA 
Orchestrator Version 7.0, TA Instruments, Waters LLC, USA).  






i) Following the end of the hydration period, samples were loaded onto the 
preheated platen of the rheometer (20°C) employing a parallel plate geometry 
of 50 mm diameter and 2 mm gap. Preliminary time sweeps carried out at 10 
rad/s and 0.1% strain for 1 hr showed that the storage modulus (G′) and loss 
modulus (G′′) of the network reached a “pseudo-equilibrium” plateau within 
15 min (Appendix 1). Therefore, 15 min of equilibration period in the form of 
time sweep was implemented for the rest of the experiments.  
ii) Strain sweeps were carried out at 5, -5 and -10ºC to identify the linear 
viscoelastic region (LVR) in the unfrozen, transition, and frozen regimes of 
the sample. Angular frequency was kept at 10 rad/s, parallel plate geometry of 
5 mm diameter, and gap of 2 mm was used. 
iii) Measurements of the temperature variation of storage modulus on shear were 
performed from 20 to -25 or -60ºC followed immediately by heating to 20ºC. 
The cooling (0.1, 1, and 10 ºC/min) and heating (0.1, 1, and 10ºC/mins) rates 
were combined to give nine different heating/cooling scanning modes. The 
experimentation was performed at 0.1% strain when the temperature was 
above -7ºC, and 0.02% strain when the temperature was below -7ºC. Angular 
frequency was kept at 10 rad/s, parallel plate geometry of 5 mm diameter, and 
gap of 2 mm was used. 
iv) Annealing tests were conducted as follows: cooling from 20 to -25ºC at 
1ºC/min, holding for 5 min, heating to -13ºC at 1ºC/min, holding for 4 or 8 hr, 
quench cooling (10ºC/min) to -25ºC and final heating to 20ºC at 1ºC/min. 





temperature was above -7ºC, and 0.02% strain when the temperature was 
below -7ºC. Angular frequency was kept at 10 rad/s, parallel plate geometry of 
5 mm diameter, and gap of 2 mm was used. 
A thin layer of low viscosity silicone oil (dimethylpolysiloxane, Sigma-
Aldrich, St. Louis, MO, USA) was applied to minimize moisture variation during the 
course of all measurements.  
 
1.4.4 Transmission Electron Microscopy 
Two distinct fixation / embedding protocols were used in the observations of 
TEM, one that was carried out at ambient and another at subzero temperature. 
Ambient Temperature Embedding Protocol. Three different samples were 
treated with ambient temperature embedding protocol, including hydrated gluten 
(40% w/w solids), hydrated gliadin (50% w/w solids), and hydrated glutenin (50% 
w/w solids). The samples were fixed overnight at ambient temperature by immersion 
in 2% w/v glutaraldehyde – 0.07 M Sorensen’s phosphate buffer (pH 6.8). Following 
fixation, samples were washed with three changes of the phosphate buffer over a 
period of 1 hr. Post-fixation was carried out then in osmium tetroxide (OsO4) – 
phosphate buffer for 3 hr. Dehydration was performed with increasing amounts of 
solvent; samples were sequentially immersed in 50%, 70%, 90% and 100% ethanol 
for 10 min for each solvent change. The last step (100% ethanol) was repeated three 
times. Following the ethanol treatment, a dehydration step with increasing amounts of 





each change 15 min). Next, embedding was conducted using the SPURR'S KIT 
protocol. Samples were immersed sequentially in mixtures of propylene oxide : 
SPURR resin (3:1, 1:1, 1:3; each change 30 min, 100% SPURR for 1 hr, and 100% 
SPURR overnight). At last the samples were placed in cylindrical molds, covered 
with the resin, and polymerized at 70oC overnight. 
Subzero Temperature Embedding Protocol. Samples were stored at –30oC for 
24 hr to allow for ice crystal formation and recrystallization. The sample preparation 
method utilized LR-Gold resin (London Resin Company, Hampshire, U.K) and is 
described in detail elsewhere (Smith, Goff, & Sun, 2004). In brief, samples were fixed 
in precooled fixative solution (-20°C) containing 3% v/v glutaraldehyde, 1% w/v 
osmium tetroxide and 0.5% w/v uranyl acetate in methanol (Robards and Sleytr, 
1985). Dehydration and embedding took place at -20°C, with the solvent change 
being as follows: 100% methanol for 15 min, 100% ethanol for 15 min, ethanol : LR 
Gold (3:1, 1:1, 1:3; each change 45 min), 100% LR Gold monomer for 2 hr, 100% LR 
Gold monomer + benzil (0.1% w/v) for 2 hr, and finally 100% LR Gold monomer + 
benzil overnight. For the final embedding step, 100% LR Gold + benzil were used in 
gelatin capsules and samples were polymerized at -20°C by UV radiation. 
Following polymerization with both preparation protocols, sample blocks 
were ultrathin-sectioned (80 – 90 nm thick) using an ultra-microtome (Reichert, 
Ultracut S, Leica Microsystems, Vienna, Austria) and collected on copper-palladium 
Formvar-coated grids (300 mesh). Sections were stained with saturated uranyl acetate 
in 50% ethanol for 10 min followed by Reynold’s lead citrate for another 10 min. 





voltage. Images were acquired using AnalySIS Pro version 3.0 digital-image capture 
system (Soft Imaging System Corp, USA). 
 
1.5 Results and Discussion 
1.5.1 MDSC Measurements 
Molecular processes related to phase and state transitions of hydrated gluten at 
subzero temperatures have been studied using calorimetric techniques (Bot, 2003; 
Johari & Sartor, 1996; Kontogiorgos & Goof, 2006). In particular, the reversing 
component of MDSC follows variations of the heat capacity of the sample and 
contains information about the reversible thermodynamic events such as glass 
transitions (Coleman & Craig, 1996; Kraftmakher, 2004; Reading, Luget, & Wilson, 






Figure 1.1. Reversing component of MDSC heat flow for 40% w/w hydrated gluten 
at subzero temperatures. Heating rate is 1oC/min with period of 60 s and ±1oC 
amplitude. 
 
Figure 1.1 reproduces the reversing component of the heat flow of hydrated 
gluten (40% w/w). The endothermic trace decreases gradually over a large 
temperature range until ice melting peak around 0°C and, clearly, it is devoid of a 
sigmoidal segment related to a distinct glass-transition region even at high 
magnification (scale bar is 0.02 W/g). At temperatures below the ice melting peak, 
although the bulk water in the system exists as crystals, the gluten molecules are still 
in the hydrated state by the unfreezable bound water associated with the 
macromolecules. Congruent thermal events have been recorded for a number of 





the structural relaxation mechanisms of such systems acquire an exceptionally broad 
distribution (Johari, 1997; Kontogiorgos & Goof, 2006; Sartor, Mayer, & Johari, 1994; 
Sartor & Johari, 1997). Conformational heterogeneity and the ability of protein 
segments to fluctuate through a large number of energy states should partially account 
for this outcome. Such structural variability results in a large variety of motions, from 
local fluctuations of single atoms to long-range structural rearrangements, covering an 
array of time scales of “kinetic unfreezing”.  
In the case of the hydrated gluten sample in the current study, relaxation of the 
protein is further complicated by the presence of water molecules which interacting 
with the protein molecules, the protein-water interaction was proposed to play a 
determinant role in protein dynamics (Helms, 2007). In the case of high-moisture 
gluten, the broadening of the endothermic spectrum renders pinpointing the glass 
transition temperature (Tg) of the system from Figure 1.1 extremely difficult, as 
opposed to the low moisture counterparts (Kalichevsky, Jaroszkiewicz, & Blanshard, 
1992a; Kalichevsky, Jaroszkiewicz, & Blanshard, 1992b; Noel et al., 1995). 
An additional dimension that may affect the relaxation dynamics of gluten is 
the relative insolubility in water owing to the highly cross-linked, entangled nature of 
its network (Belton, 1999), which in our case is further pronounced due to the 
denatured nature of the material after commercial processing. Low solubility implies 
an inherent restriction of diffusional mobility, which limits the possibility of 
molecular motions, result in the broad and shallow glass transition endotherm. In 
contrast, protein molecules containing a large number of segments with disordered-





rotational, or translational), hence a detectable glass transition region. Thus the 
broadness of the endotherm in Figure 1.1 reflects the denatured nature of a 
polydispersed material, with restricted diffusional mobility.  
Evidence from thermal analysis argues that the concept of a single glass 
transition temperature may not be an accurate descriptor of molecular mobility and 
quality control in high moisture gluten systems. The veracity of this statement will be 
evaluated further by mechanical measurements of the hydrated gluten system at the 
subzero temperature regime in the next section. 
 
1.5.2 Small Deformation Dynamic Oscillatory Measurements 
Investigation of structural processes at subzero temperatures by rheometry will 
unveil the correlation, if any, between calorimetric relaxations and mechanical 
stability of the hydrated gluten system. To conduct small deformation dynamic 
oscillation study, mechanical measurements should be carried out within the linear 
viscoelastic region (LVR) of the material, where the magnitudes of stress and strain 
are related linearly (Kasapis, 2004; Kasapis & Al-Marhoobi, 2005; Kasapis, 2006a). 
When the function of elastic modulus (G') with increasing amplitude of oscillation are 
plotted as shown in Figure 1.2, the limit of LVR was considered arbitrarily as the 
point at which readings decrease in excess of 5% from equilibrium. Using the same 
criteria, Figure 1.3 shows plots of shear modulus as a function of amplitude of 
oscillation for freshly prepared hydrated gluten at 5, -5 and -10°C. LVR were found to 





limit of viscoelastic linearity of hydrated gluten varies considerably as it depends on 
level of hydration, temperature, mechanical history of sample preparation, amount of 
residual starch, the protein composition of the gluten matrix (mainly the ratio of 
glutenins to gliadins), and to a lesser extent on the conformational state of the 
comprising proteins, i.e. native or denatured. Therefore, the wide range of strains in 
the limit of linearity reported presently and in the literature, e.g., 0.7%, 3% or 10% 
(Kontogiorgos, Goff, & Kasapis, 2007; Lefebvre et al., 2003; Uthayakumaran et al., 
2002), should be attributed to material and experimental protocol variations.  
 













Figure 1.3. Strain sweep measurements at (a) 5oC, (b) -5oC, and (c) -10oC of 40% 
w/w hydrated gluten (frequency: 10 rad/s). 
 
It must be also noted that mixing time and energy play significant role on the 
morphology of the network and the approach of mixing the sample with a spatula may 
create problems with the reproducibility of the rheological measurements. However, 
as it will be evident later, sample preparation and experimental protocol as adopted 
here were adequate for the objectives of the present work.  
To advance the argument developed in the preceding section, we explored the 
temperature variation of storage modulus on shear at subzero temperatures. As shown 
in Figure 1.4, cooling of hydrated gluten between -5 and -13°C results in a sharp 





In contrast, the mechanical manifestation of vitrification phenomena reported 
extensively for high sugar/biopolymer mixtures exhibit a gradual development of 
viscoelastic functions over a broad temperature range (up to almost hundred degrees 
centigrade) (Deszczynski et al., 2002; Kasapis et al., 2004; Kasapis, 2007). Following 
completion of ice formation in Figure 3.4, the elastic response remains constant 
throughout the remaining course of cooling experiment, and reversing the 
experimental routine yields overlapping traces up to the onset of ice melting.  
 
Figure 1.4. Temperature variation of storage modulus on shear for 40% w/w hydrated 
gluten during cooling and heating at 1°C/min. The shaded area between 1 and -13oC 
follows a typical development and drop of G' (frequency: 10 rad/s). Inset shows the 







It should be noted that matching temperature bands of ice melting were 
recorded in mechanical tests and thermal analysis (Figure 1.1). Furthermore, 
mechanical spectra exhibit thermal hysteresis at the onset of melting, which occurs 
close to -9°C instead of -13°C. As depicted in the inset of Figure 1.4, hysteresis is 
cooling rate dependent and becomes more pronounced with higher cooling rates from 
1 to 10°C/min. This can be rationalized by basic thermodynamic, which stipulate that 
melting of ice crystals is a non-kinetic constant-temperature event. In contrast, 
formation of the crystalline phase entails nucleation, which depends on cooling rate 
and, therefore, variation in the crystallization regime is expected with changing 
cooling rates. 
 
Figure 1.5. Effect of heating rate on the temperature dependence of G′ trace for 40% 






The interplay of scan rates was extended to span two orders of magnitude in 
an effort to monitor relaxation mechanisms within experimentally accessible time 
scales. Three cooling rates were employed (0.1, 1 and 10°C/min) and each cooling 
regime was followed by equally broad heating rates (0.1, 1 and 10°C/min). Figure 1.5 
depicts representative rheograms at three heating rates following cooling of the 
material at 1°C/min. Clearly, a dramatic drop in the rigidity of the matrix occurs 
within a narrow path irrespective of the heating/cooling regime. A point of view in the 
literature argues that the softening region involves an enthalpic relaxation that 
accompanies devitrification as the partially frozen system passes through the glass 
transition temperature of the maximally freeze-concentrated protein (Tg′) (Bot, 2003). 
A requirement by the nature of a second-order transition is the change with changes in 
heating rates, however, the invariability of the onset of melting as shown in Figure 1.5 
argues for the first-order thermodynamic transition of ice melting.  
Annealing procedures are frequently employed in order to assess the nature of 
endothermic events recorded calorimetrically, however, annealing has not been the 
experimental protocol of choice in dynamic mechanical testing. During annealing, 
structural relaxation approaches equilibrium but the process slows down increasingly 
as temperature decreases. In the present investigation, a temperature (-13ºC) close to 
the onset of ice melting was chosen to allow maximum structural alteration within the 
timeframe of annealing. Figure 1.6 illustrates the effect of annealing for 0, 4 or 8 hr 
on storage modulus (G') of 40% w/w hydrated gluten preparations. Extending the 
annealing experiment up to 8 hr fails to record shifting in molecular processes, which 
initiate softening of the matrix at -8 ± 1°C. In contrast, structural relaxations that carry 





twelve degrees centigrade for comparable periods of annealing (Brawer, 1985). 
Another feature of glass transition phenomena is the drop of rigidity owing to the 
relaxation of the matrix upon aging. This is not observed either in Figure 1.6, where 
following extensive annealing for 8 hr, traces of storage modulus remain superposable. 
 
Figure 1.6. Storage modulus behavior of 40% w/w hydrated gluten after annealing (0, 
4 and 8 hr) at -13oC. 
 
The coincidence in the temperature range of ice melting (Figure 1.1) and loss 
of structural integrity of the material (Figures 1.4 to 1.6) could be linked to material 
stability. This is particularly relevant in gluten preparations, where calorimetry work 
reveals a broad regime of structural relaxation that could not be treated using the 





revealed that the elastic modulus remains unaltered below the melting temperature, 
hence the broad relaxation range observed calorimetrically is not associated with 
structural losses mechanically. This observation, which is demonstrated 
experimentally for the first time in gluten, could be critical for the structural stability 
of composite materials comprising a gluten component. Changes in rigidity are 
recorded at the melting/crystallization regime, with the G' traces leveling off once 
more at higher temperatures signifying the “rubbery” plateau. Thus the difficulties 
encountered in pinpointing Tg may lend weight to ice melting as an alternative 
approach of controlling stability in industrial applications of gluten containing 
materials. Inclusion of components that modify the temperature range of 
crystallization/melting (salts, sugars, etc.) would add an extra dimension to the issue 
of quality control in these systems.  
 
1.5.3 TEM Observations of Hydrated Gluten Networks at Ambient and Subzero 
Temperatures 
Tangible evidence of the role of ice formation and melting in the ultrastructure 
of gluten networks was obtained via TEM. Structural aspects of gluten preparations 
have been profiled to a certain extent in the literature using electron microscopy 
techniques (Amend & Belitz, 1990; Bache & Donald, 1998; Kontogiorgos & Goff, 
2006; Roman-Gutierrez, Guilbert, & Cuq, 2002). However, none of the work has 
included detailed information on the “building blocks” of the protein network 
attempted presently. The ultra-morphology of the three-dimensional gluten structure 





using two different experimental protocols. The ambient-temperature embedding 
protocol allows observations following network formation thus arresting the structure 
in the absence of ice crystals. Cryo-fixation requires that samples remain at subzero 
temperatures throughout the embedding process in order to maintain the structure 
formed after freezing. The technique monitors localization / growth of ice crystals and 
evaluates their impact on microstructure. Judicious application of the two approaches 
provides valuable information of the morphology of gluten assemblies at temperatures 
with industrial interest. 
 
Figure 1.7. Ultrastructure of hydrated gluten networks using TEM. Osmiophilic 
inclusions are evident in both images. Scale bars are 2000 and 200 nm (TEM 








Figure 1.8. TEM ultrastructures of (a) hydrated glutenin and (b) hydrated gliadin. 
Scale bars are 2000 and 1000 nm, respectively (TEM observation by Vassilis 
Kontogiorgos, Department of Food Science, University of Guelph). 
 
Figures 1.7 and 1.8 reproduce micrographs of hydrated gluten and its 





continuous without evidence of a fibrous protein assembly in all specimens even at 
high magnifications. The TEM micrographs demonstrated thin sheets or films of the 
networks interrupted by dark globular inclusions. These inclusions act as osmiophilic 
centers (attract OsO4) and appear darker than the rest of the specimen. One school of 
thought argues that these osmiophilic centers are oil droplets that are associated with 
gluten proteins (Amend & Belitz, 1990; Shomer et al., 1998). Since it is questionable 
whether an evenly hydrated gluten network down to molecular level can be achieved, 
the inclusions could also be assigned to localized protein aggregates that fail to 
entirely hydrate hence they are not incorporated uniformly to the rest of the gluten 
network. Further research should examine the effect of composition, location and 






Figure 1.9. TEM ultrastructure of frozen hydrated gluten: (a) Ice crystals (I) can be 
easily distinguished, with arrows indicating the thinning of the interstitial regions 
between adjacent ice-crystals and (b) arrows indicate the eventual disruption of the 
gluten network by recrystallization. Scale bars are 2000 and 500 nm, respectively 







Similar morphological features have been documented using the freeze-
substitution method. Nevertheless, structural continuity was interrupted by the 
presence of ice crystals that could be identified based on their circular shape (Figure 
1.9). It was possible to observe the effect of ice-crystal growth on network 
deterioration. Interstitial regions separating adjacent ice-crystals are increasingly 
compressed owing to continuous recrystallization. This results in separation regions 
that rupture in time thus affecting the cohesion of the network. Arrows labeled 1, 2 
and 3 in Figure 1.9a emphasize the progressive diminishing of the protein associations 
with ice growth whereas Figure 1.9b shows a rather spectacular change in network 
connectivity when two such crystals have finally merged. Although, several images 
should have been taken at different periods of time to monitor ice crystal growth on 
aging, TEM microscopy cannot be easily used for such observations due to inherent 
difficulties with the method at the sample preparation stage. However, cryo-SEM that 
requires minimal sample preparation has been successfully used to probe the 
progressive growth of ice crystals on aging in hydrated gluten networks 
(Kontogiorgos, Goff, & Kasapis, 2007) thus giving additional support to the kinetic 
description of ice recrystallization that is attempted in Figure 1.9. Glutenins and 







1.6 Conclusions and Suggestions for Future Work 
The present investigation brings together a complementary arrangement of 
experimental techniques in order to challenge the concept of single glass-transition 
temperature in hydrated gluten networks subjected to subzero ageing. Calorimetrically 
observed relaxations are exceptionally broad thus reflecting a multitude of molecular 
processes of the denatured polydispersed proteinous material with restricted 
diffusional mobility. The broad molecular relaxation of the material does not relate to 
its mechanical stability as shown by mechanical testing. However, the rigidity of the 
frozen gluten material responds dramatically to ice melting, which appears to be an 
improved indicator of textural stability and quality control for potential applications. 
Although Tg of the hydrated gluten system was not found due to crystallization of 
water, the discovery of the importance of ice melting in system stability makes a 
significant contribution to the food industry. The supramolecular morphology of the 
protein is devoid of fibrilar structures argued earlier in the literature and, instead, is 
made of cohesive sheets or thin films. Molecular interactions between these building 
blocks of the gluten network are severely affected by ice formation as well as 
recrystallization.  
Since the broad transition detected by MDSC is partly due to the structural 
heterogeneousity of gluten proteins, the calorimetric and mechanical behavior of the 
individual components, gliadins and glutenins, can be evaluated separately, and their 
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CHAPTER 2. OUTLINE OF CONDUCTED STUDIES 
 
 The second part of this thesis deals with fundamental study and application of 
high solid biopolymer / co-solute systems. These systems have become a hot topic of 
discussion recently due to their wide application in food and pharmaceutical 
industries.  
High solid gelatin / sugar system has been widely used in the confectionary 
industry in products such as wine gums and gummy bears for many decades, but it is 
losing popularity due to reasons like religious dietary laws, vegetarianism, and health 
perceptions such as bovine spongiform encephalopathy scare. Studies have found 
although low solid polysaccharide gels are very different from gelatin gels, with the 
addition of sugar as co-solute the resulted mix gel with gelling polysaccharides or 
with gelatin become similar in many aspects. Thus, gelling polysaccharides have been 
extensively studied as promising replacement for gelatin (Al-Marhoobi & Kasapis, 
2005). However, our understanding of these high solid systems is still limited due to 
the inherent complexity of multi-components systems, as well as the structural 
heterogeneousity of biomacromolecules involved. At these levels of solids (75%-
90%), and under common conditions of processing, storage, and consumption, these 
biomaterials systems exhibit properties that relate to rubbery or glassy consistency. 
The study of rubber to glass transition has been very slow due to the sophisticated 
nature of biomaterials, and only recently the synthetic polymer approach became 





In synthetic polymer research, one school of thought is to utilize the combined 
framework of free volume theory and Williams, Landel, and Ferry (WLF) equation to 
assist in developing mechanistic understanding of the glass transition phenomenon 
(Ward & Hadley, 1993), which relates glass transition with the free volume of the 
system. Recently, Ngai and colleagues have postulated the use of the “coupling 
model” to address potential oversimplifications in the WLF/free volume framework 
that attempts to follow molecular dynamics over the entirety of the glass transition 
region (Ngai & Roland, 2000). They argued that molecular relaxations following the 
transformation from the rubbery to glassy consistency could be grouped broadly into 
the Rouse modes, the sub-Rouse modes and the local segmental motions, and 
molecular relaxation around the glass transition temperature is dictated by the nature 
of local segmental motions. 
Chapter 4 and 5 aimed to build a firmer theoretical ground in the glass 
transition for the systems using both the WLF/free volume framework and the 
coupling theory, in which the effect of molecular weight and nature of the 
biomaterials on glass transition will be discussed. Based on the understanding of the 
high solid polysaccharide / sugar systems from chapter 5, chapter 6 will take one step 
further to study the diffusion kinetics of a small bioactive compound in κ-carrageenan 
/ sugar system in the vicinity of the glass transition temperature, which has potential 
applications in food and pharmaceutical industries. Lastly in chapter 7, a number of 
polysaccharides were incorporated into an instant rice noodle system individually in 
order to find the hydrocolloid which gives the best noodle quality. The effect of 
incorporation of each polysaccharide was evaluated, and possible mechanism of 





CHAPTER 3. LITERATURE REVIEW 
 
3.1 Hydrocolloids 
Hydrocolloids refer to a group of polysaccharides and proteins that could form 
colloidal systems with water. They are widely used in a variety of industrial sectors 
such as foods and beverages, cosmetics, and personal care products. In food industry, 
hydrocolloids can be classified into two categories based on their functional 
properties, thickening and gelling agents. In aqueous environment, thickeners exist as 
individual hydrated polymer molecules, either independent from each other (at very 
low concentration), or interpenetrating with each other (at higher concentration). The 
viscosity of the hydrocolloid solutions depends on polymer molecular mass, 
hydrodynamic size of polymer molecules, stiffness of the polymer chains, as well as 
charge of the molecules (Phillips & Williams, 2000). Under suitable condition, gelling 
hydrocolloids can form three-dimensional networks called gels. Hydrocolloid gels are 
referred to as physical gels, because the junction zones are formed through physical 
interactions, such as hydrogen bonding, cation-mediated crosslinking, or hydrophobic 
interaction (Hoefler, 2004a). 
Propylene glycol alginate (PGA) (Figure 3.1) is a chemically modified 
derivative of alginate prepared by treating alginic acid with propylene oxide under 
acid conditions to provide a degree of esterification ranges from 14% to 82% 
(Kennedy et al., 1989). Two types of esters can be formed during the nucleophilic 



























































Figure 3.1. Chemical structure of propylene glycol alginate (PGA). 
 
Compare to sodium alginate, PGA has the advantage of having high acid 
stability and low calcium reactivity. In addition, it is surface active due to the 
presence of hydrophobic propylene glycol esters on its hydrophilic alginate backbone. 
PGA is a commonly used form stabilizer in beer (Baeza et al., 2004). It is also used to 
improve textural properties in alkaline wheat noodles, by interacting with protein 
under alkaline condition (pH 9.5-10.5). 
Xanthan gum (Figure 3.2) is an extracellular polysaccharide secreted by the 
micro-organism Xanthomonas campestris. It has a cellulose backbone consists of 
repeated β-(1→4)-D-glucosyl units. A trisaccharide side chain with a D-glucuronosyl 
unit between two D-mannosyl units is attached to alternate glucosyl units. Xanthan is 
soluble in cold water and it is able to form weak intermolecular association in solution 
which provides high viscosity. The intermolecular association can be easily destroyed 
by shear, thus xanthan solution is highly pseudoplastic. Addition of common 
monovalent and divalent salts can increase the viscosity of xanthan solution. Xanthan 
gum is a popular thickener in the food industry due to its high viscosity at low shear 






Figure 3.2. Chemical structure of xanthan gum. 
 
Fenugreek gum (Figure 3.3) is extracted from the seed of a leguminous plant 
called fenugreek (Trigonella foenumgraecum). It consists of β-(1→4)-D-mannosyl 
backbone and α-(1→6)-D-galactose substitutions at almost every mannosyl unit and 
hence belongs to the family of galactomannan (Garti et al., 1997). Besides the 
common properties of galactomannan, fenugreek gum contains a small fraction of 
associated protein (~0.8%) which allows the gum to be used as a potential emulsifier 





















































Gum ghatti is the exudates of Anogeissus Latifolia (Conocarpus Latifolius) 
tree. It has a complex structure composed of L-arabinose, D-galactose, D-mannose, 
D-xylose, and D-glucuronic acid in approximately 48:29:10:5:10 molar ratio. This 
gum has relatively low viscosity and has been reported to perform well as an 
emulsifier and a suspending agent due to the associated proteinaceous fraction (Amar, 
Al-Assaf, & Phillips, 2006).  
Gum arabic is the dried, gummy exudates obtained from various species of 
Acacia trees of the Leguminosae family and has been an important article of 
commerce since ancient times. It is a mixture of a number of highly complex and 
branched molecules consisting of galactose, arabinose, rhamnose, glucuronic acid and 
4-O-methyl glucuronic acid. The gum always has about 2% in weight proteinaceous 
fraction that can’t be removed by purification, thus exhibits emulsifying property. 
Gum arabic readily dissolves in water, but its highly impact molecular structure 
results in a relatively small hydrodynamic volume, as a consequence, solutions of 
gum arabic have low viscosity compared to the other hydrocolloids (Hoefler, 2004b).  
Agar (Figure 3.4) is a strongly gelling hydrocolloid extracted from red 
seaweed of the class Rhodophyceae and it is a mixture of two groups of 
polysaccharides, agarose and agaropectin. The gelling fraction agarose is essentially a 
sulphate-free, non-ionic polysaccharide of high molecular weight (above 100 kD). Its 
backbone consists of alternating β-(1→3)-linked D-galactosyl and α-(1→4)-linked 
3,6-anhydro-L-galactosyl units (Kasapis, 2006). The non-gelling fraction agaropectin 





content. Agar gelation occurs solely by its agarose component, which forms physical 
gels by hydrogen bonding on cooling. An important property of agarose gels is the 
very high gelling hysteresis, defined as the difference of gelling and melting 
temperatures. Agarose gel also has high syneresis capacity, which is the capacity to 
eliminate water from its gel mesh. The gel is best characterized as a brittle gel 
(Hoefler, 2004b). 
 
Figure 3.4. Chemical structure of agarose. 
 
Carrageenan (Figure 3.5) is extracted from red seaweeds of class 
Rhodophyceae under mild alkaline conditions. There are mainly three types of 
carrageenan, κ-, ι- and λ-carrageenan. They are all linear polysaccharides and share 
the same basic backbone structure composed of alternating β-(1→3)- and α-(1→4)- 
linked galactosyl units but differ in sulphate content. The thickening and gelling 
properties of different carrageenans are different. κ-Carrageenan forms a firm and 
brittle gel with potassium ions and is often used to stabilize, impart body or gel milk 
products; ι-carrageenan interacts with calcium ions to form a soft and elastic gel; 
while salts have no effect on the properties of λ-carrageenan (Hoefler, 2004b). Thus, 
different carrageenans cover a wide spectrum of rheological behaviour from a viscous 
thickener to gels of different texture. κ-Carrageenan is especially popular because of 





carrageenan and locust bean gum can form strong and elastic gels with low syneresis. 
κ-Carrageenan can also interact with κ-casein thus prevent whey separation in a range 
of dairy products. 
 
Figure 3.5. Chemical structure of carrageenan. 
 
Gellan gum (Figure 3.6) is an extracellular polysaccharide secreted by the 
micro-organism Sphingomonas elodea. Gellan gum is composed of a repeated linear 
tetrasaccharide backbone containing D-glucuronosyl, two D-glucosyl, and L-
rhamnosyl units, and two acyl substituents present on the O-2 and O-6 positions of the 
glucosyl units. Depending on the degree of substitution, gellan gums are classified 
into low acyl (LA) gellan gum and high acryl (HA) gellan gum. Hydration of LA 
gellan is inhibited by the presence of cations, especially Ca2+, in contrast, cations have 
much little effect on the hydration of HA gellan. Both types of gellan undergo coil-
helix transition and form 3-dimensional network when the gum solutions are cooled. 
However, aggregation of LA gellan is further promoted by the presence of cations, 
while further aggregation of HA gellan helix is limited by the acetyl groups attached. 
Thus, LA gellan forms hard and brittle gels and HA gellan forms soft and elastic gels, 
though blending of the two types of gellan, a diverse range of textures can be 






Figure 3.6. Chemical structure of gellan. 
 
Starch exists as intact and compact granules formed by groups of starch 
molecules due to the strong H-bonding among the molecules (Blanshard, 1987). The 
granules hydrate to a very limited extent upon contacting with cold water, and starch 
suspension exhibits low viscosity. Starch molecules can be classified into two groups, 
the linear amylose molecules and the brunched amylopectin molecules. When native 
starch granules are cooked and cooled in the presence of water, a series changes 
including gelatinization, pasting, and retrogradation can occur. Gelatinization happens 
during the initial stage of heating, characterized by the loss of birefringence. During 
this stage, no viscosity change can be observed as hydration occurs at the molecular 
level within the granules. Once the hydration has reached a critical pasting stage, a 
rapid development of viscosity can be seen as the granules swell, due to the 
weakening of H-bonds between starch polymer chains, which can be replaced by 
water polymer H-bonds (Thomas & Atwell, 1999). This is called the pasting stage. 
Granular swelling also causes the release of smaller molecules (amylose) from the 
loosened starch granules. Continued heating eventually causes rupture of the swollen 





amylose molecules associate with each other into a 3-dimensional network through 
formation of junction zones by H-bonding. The porous amylopectin-based granules 
are thought to be embedded in the amylose network, thus form a composite material 
(Lii, Shao, & Tseng, 1995; Ring et al., 1987), and the free amylopectin molecules can 
be either dispersed in the amylose network, or associate with amylose to become part 
of the continuous phase.  
 Gelatin is one of the most important hydrocolloids of protein origin. It is 
produced from the parent protein collagen by processes that destroy the secondary and 
higher structures of the polypeptide backbone. Gelatins produced by acid treatment 
are commonly called Type A gelatins and have isoelectric point in the range of 7-9.4; 
whereas gelatins produced by alkaline treatment are called Type B gelatins, and have 
isoelectric point in the range of 4.8-5.5. Gelatins have rather unique amino acid 
composition, with glycine accounts for almost one-third of all the amino acid residues, 
the polypeptide are also rich in proline and hydroxyproline residues. Gelatins dissolve 
readily in warm water, and aggregate to form junction zones stabilized by inter-chain 
H-bonds. The H-bonds are temperature sensitive, and break at around 35-40°C, thus 
give gelatin gels the unique “melt in the mouth” property (Ledward, 2000). 
Commercial gelatins are normally characterized by their bloom value, which is 
essentially the rigidity of a standard gelatin gel tested under standard condition. 
 





 Viscoelastic properties (storage and loss modulus, stress relaxation modulus, 
creep compliance, refer to section 1.3.4) of a system depend on both temperature and 
time. Thus, evaluating the effect of temperature and time on the viscoelastic 
properties of a system is common when characterizing a system. Especially when 
glass transition is concerned, the dramatic change of viscoelastic properties with 
changing temperature or time has made this a popular topic to study. In rheology, time 
can be expressed as either time itself or frequency. In order to fully understand the 
phenomenon, a wide range of temperature or time has to be covered. However, 
although temperature can be varied through a wide range covers the entirety of glass 
transition; accessible time (frequency) range of study is limited by technology and 
experimental time. Very high frequency is not achievable by the current instrument, 
while very low frequency is not feasible due to the extreme long experimental time 
involved. Thus, the method of reduced variables or time-temperature superposition 
(TTS) was developed as a device to enlarge the available time (frequency) range for 
experimental measurements. 
The effect of temperature and frequency on the viscoelastic properties of a 
system is interchangeable, for example, the effect of increasing frequency can be 
obtained by decreasing temperature (Ferry, 1980a). This property of viscoelasticity 
has been utilized in principle of TTS, in which frequency range that is not available 
for experimental measurements is obtained indirectly from an accessible frequency 
range at another temperature. 
In TTS, a series of viscoelastic functions, each covers a small range of time 





selected as the reference temperature (T0) and the curve at this temperature is used as 
a reference (fixed), around which the rest of the curves are shifted horizontally along 
the logarithmic time (frequency) scale, such that the adjacent curves can be joined 
smoothly to forma curve covering wider frequency range. Shifting of the curves can 
be done either manually or using the instrument software, without significant 
difference in the accuracy. Successful shifting of all the curves taken at different 
temperature will result in a composite curve covering a much wider time (frequency) 
range, this composite plot is usually called a master curve, and it is equivalent to the 
viscoelastic property of the system as a function of time (frequency) taken at the 
reference temperature. The amount of log time (frequency) shifted for individual 
curves relative to the reference curve at T0 is log aT, where aT is called the shift factor, 
and represents the ratio of any specific relaxation time at temperature T, to its value at 
the reference temperature T0. 
 
3.3 Williams, Landel, and Ferry Equation and the Free Volume Theory 
 The Williams, Landel, and Ferry (WLF) equation was introduced (Williams, 
Landel, & Ferry, 1955) as an empirical expression to describe the temperature 
dependence of aT during the glass transition: 
 
 
log aT = −
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where C o1 and C
o
2 are the WLF constants and To is the reference temperature. The 
WLF equation can be related to free volume theory under certain approximation, 
which gives the empirical equation a physical significance.  
The free volume theory states that the total volume per mole v, is the sum of 
the free volume vf, and the occupied volume vo, which include not only the van der 
Waals radii but also the volume associated with vibrational motions. Thus, the free 
volume represents the extra space required for rotational and translational motions 
within the system, which relates to the rates of mechanical relaxation processes.  
By definition, the shift factor aT represents the ratio of any specific relaxation 
time at temperature T, to its value at the reference temperature To, which is: 
 aT = τT / τTo        (3.2) 
where τ is the relaxation time. Since the relaxation time τ is proportional to (η / Tρ), 
where η is the viscosity, T is the temperature, and ρ is the density (Ferry, 1980b). 
Equation 3.2 thus becomes: 
 aT = ηToρo / ηoTρ       (3.3) 
where ηo and ρo are the viscosity and density at the reference temperature To. Doolittle 
developed an empirical equation called the free-space equation for viscosity (Doolittle, 
1951). The equation is based on the concept that the free volume is the main factor 
determining molecular relaxation, thus viscosity. The free-space equation for 
viscosity is expressed as: 





where A and B are empirical constants depend on the nature of the material, the latter 
is usually set to unity as an approximation. By employing Equation 3.4, expression of 
aT in Equation 3.3 can be transformed into the following equation, together with the 
definition v = vo + vf, and f = vf / v: 
          (3.5) 
where f and fo are the fractional free volume at T and To, respectively. In practice, the 
second term is usually ignored since it does not make a significant difference to the 
equation compare to the first term, and Equation 3.5 becomes: 
           (3.6) 
 Assumption was made that the fractional free volume f increases linearly with 
temperature (Ferry, 1980b). Thus: 
 f = fo + αf (T – To)       (3.7) 
where αf is the thermal expansion coefficient. Substitution of Equation 3.7 into 
Equation 3.6 gives: 
 
          (3.8). 
          
 When Equation 3.8 is compared with Equation 3.1, the WLF constants in 
Equation 3.1 can be expressed in terms of fractional free volume and thermal 















































































        (3.10). 
 Thus the WLF equation relates the temperature dependence of relaxation to 
the effect of free volume. The use of WLF equation has been made much easier with 
the modern computerized modeling process, the two WLF constants can be obtained 
by simply fitting the curve of log aT vs. T, from which f and αf can be calculated. 
 
3.4 Kohlrausch, Williams and Watts Function and the Coupling Theory 
For decades, the free volume concept was believed to be universally applicable 
to all the polymer systems and was used to characterize the glass transition of any 
system. However, in physics of densely packed molecular systems, intermolecular 
interactions determine the volume and thus free volume. Therefore, interactions 
should be a more fundamental determining factor of molecular dynamics rather than 
free volume (Ngai & Plazek, 1995).  
The viscoelastic response of a polymer arises from motions of molecular 
moieties with length scales ranging from as small as a monomer to the entire polymer 
chain. Thus, the broad glass transition zone consists of a number of mechanisms from 
Gaussian submolecular motions of the extended Rouse model to the local segmental 
motions, and these different molecular mechanisms have different temperature 
dependence. The coupling theory concerns about the local segmental motions, which 






 The low temperature / short time region of the transition zone was found to be 
dominated by local segmental motions within the Gaussian submolecule. Monitoring 
of the local segmental motions in a polymer system found that the structural 
relaxation does not decay exponentially as a function of time. As a result, the 
empirical Kohlrausch, Williams and Watts (KWW) or the stretched exponential 
function in the time domain is frequently used to follow the relaxation mechanism 





)β        (3.11) 
where φ(t) represent the structural relaxation function in the time domain, t is the time, 
τ is the coupled relaxation time, and β (0<β<1) is the stretch exponent that brings non-
exponential character into the function. Based on the coupling theory, the non-
exponentiality of the relaxation pattern of the local segmental motions arises from the 
intermolecular interactions of the polymer systems, which in turn depend on the 
chemical structure of the macromolecules. 
When the KWW function is compared with mechanical data, transient 
measurements such as stress relaxation or creep deformation are usually used, because 
they measure the viscoelastic behavior as a function of time (in contrast to frequency). 
To fit the stress relaxation data, Equation 3.11 becomes: 
 
 
G(t) = (Gg − Ge )exp[(−
t
τ
)1− n] + Ge      (3.12) 
where Gg is the unrelaxed glassy modulus, Ge is the relaxed or equilibrium modulus 





The coupling constant, n (n = 1 – β), ranges from 0 to 1.0, is proportional to the 
capacity of intermolecular coupling of the system which in turn is determined by the 
chemical structure (Ngai & Plazek, 1995). To fit the creep compliance data, Equation 
3.11 recasts into (Plazek & Ngai, 1990): 
 J(t) = (Je – Jg) {1 – exp [– (t/τ)1 – n]} + Jg    (3.13) 
where Jg is the glassy compliance and Je is the relaxed compliance of the local 
segmental motions. 
 Modeling of mechanical data with Equations 3.12 and 3.13 yields the coupling 
constant n and coupled relaxation time τ, which could unveil the intermolecular 
interactions within the system, and can be correlated to the chemical structured of the 
macromolecules. However, the exact correlation between chemical structure and 
KWW parameters are still largely unknown. 
 
3.5 Textural Profile Analysis and Tensile Test 
The study of mechanical properties of food is important for understanding its 
texture and deformation characteristics. While rheometer characterizes the stress-
deformation relationship on shear (parallel deformation to the surface of contact); the 
stress-deformation relationship on the normal mode (perpendicular deformation to the 
surface of contact) can be evaluated by instrument such as a texture analyzer. A 
number of methods have been developed for mechanical characterization of food 
using a texture analyzer, in the context of assessment of noodles relevant to this thesis, 





TPA and tensile test are two important instrumental methods to study eating 
quality of cooked noodles (Hu et al., 2007). TPA is a type of double compression test 
with specific testing conditions, it mimics human eating action by performing two 
compression cycles on food materials, and provide information on hardness, 
cohesiveness, springiness, and adhesiveness (Sporns, 2005). Tensile test is especially 
important for noodles. It measures elasticity and tensile strength of noodles (Edwards, 
Biliaderis, & Dexter, 1995) by recording stress-deformation relationship during 
sample elongation. 
 
3.6 Scanning Electron Microscopy 
 As introduced in section 1.3.5, scanning electron microscopy (SEM) is a type 
of electron microscopy together with transmission electron microscopy (TEM) which 
utilizes an electron beam to form magnified images of specimens. The SEM has a 
larger depth of field (depth of the sample that can be in focus) and higher resolution 
compare to light microscopy; sample preparation for SEM is also much easier than for 
TEM. Thus, SEM has been the choice of technique in a number of applications.  
In SEM, the electron gun produces a beam of electrons and focuses the beam 
to a very narrow point on the surface of the specimen by the objective lens, and the 
electron beam scans across the sample in a controlled pattern. Interactions between 
the incident electrons and weakly bound conduction-band electrons from the atoms of 
the sample produce secondary electrons when the incident beam of electrons strikes 





a voltage, amplified, and used to generate the image (Flegler, Heckman, & 
Klomparens, 1993). Due to the nature of SEM, the specimen must be electrically 
conductive and be devoid of water, or any solvent which could vaporize under 
vacuum. Thus, certain degree of sample preparation is required for samples do not 
fulfill these conditions. 
 
3.7 Fourier Transform Infrared Spectroscopy 
In infrared (IR) spectroscopy, the samples absorb or transmit the IR radiation 
of different frequency based on their distinct molecular vibration (Günzler & 
Gremlich, 2002). Fourier transform infrared (FT-IR) spectroscopy is a modern 
method of IR spectroscopy. It utilizes an optical device called an interferometer to 
encode the entire IR spectrum into a single interferogram to be passed through the 
sample. The signal can then be decoded by Fourier transformation to produce a 
frequency spectrum. The IR spectrum can then be interpreted by referring to literature 
data. The spectral encoding by interferometer and computerized Fourier 
transformation greatly speed up the IR measurement, as compared to the old 
dispersive technique, in which the individual frequencies are separated by a prism or 
grating and measured individually. Due to the high speed, the sensitivity of 
measurement can also be improved by performing multiple scans and averaging the 
data to improve signal-to-noise ratio. Therefore, FT-IR spectroscopy is a reliable 
technique for positive identification and quality control; it has also been used for 





CHAPTER 4. EFFECT OF MOLECULAR WEIGHT ON THE GLASS 
TRANSITION PHENOMENON OF GELATIN/CO-SOLUTE SYSTEMS 
 
4.1 Abstract 
Four molecular fractions of gelatin produced by alkaline hydrolysis of 
collagen were investigated in the presence of co-solute to record the mechanical 
properties of the glass transition in high-solid preparations. Dynamic oscillatory and 
stress relaxation moduli on shear were recorded from 40°C to temperatures as low as 
-60°C. The small-deformation behavior of these linear polymers was separated by the 
method of reduced variables into a basic function of time alone and a basic function 
of temperature alone. The former allowed the reduction of isothermal runs into a 
master curve covering seventeen orders of magnitude in the time domain. The latter 
follows the passage from the rubbery plateau through the glass transition region to the 
glassy state seen in the variation of shift factor, aT, as a function of temperature. The 
mechanical glass transition temperature (Tg) is pinpointed at the operational threshold 
of the free volume theory and the predictions of the reaction rate theory. Additional 
insights into molecular dynamics are obtained via the coupling model of cooperativity, 
which introduces the concept of coupling constant or interaction strength of local 
segmental motions that govern structural relaxation at the vicinity of Tg. The 
molecular weight of the four gelatin fractions appears to have a profound effect on the 
transition temperature and coupling constant of vitrified matrices, as does the 
chemical composition of the protein in relation to that of amorphous synthetic 







The phenomenon of vitrification or glass transition describes the 
transformation from a liquid-like to solid-like behavior that exhibits increased 
viscosity and reduced molecular mobility (Badii, MacNaughtan, & Farhat, 2005). The 
process originates from kinetic limitations on the rates of internal molecular 
adjustments due to variation in temperature, mechanical stress, hydrodynamic 
pressure or frequency/timescale of observation (Binder, Baschnagel, & Paul, 2003). 
Consequently, molecules cannot rearrange themselves into ordered crystalline forms, 
but become “frozen” in the molecular arrangement of a liquid with a very high 
viscosity, which stops them from flowing like a liquid. Free energy, volume or 
stress/enthalpy relaxations associated with glass transition phenomenon permit the 
use of a wide range of sophisticated techniques, such as small-deformation 
mechanical spectroscopy, modulated differential scanning calorimetry, dilatometry, 
positron annihilation life time spectroscopy, etc. to rationalize molecular parameters. 
In synthetic polymer research, utilization of the combined framework of free 
volume theory and Williams, Landel, and Ferry (WLF) equation assisted in 
developing mechanistic understanding of the glass transition phenomenon (Ward & 
Hadley, 1993). Free volume is a useful concept closely related to the hole theory of 
liquids. According to this, total volume is the sum of the volume actually taken by 
molecules (occupied volume due to van der Waals radii and molecular oscillation) 
and the free volume required by large-scale chain vibrations (Wang et al., 2003). The 





onset of the glass transition region to around three percent at the end of the molecular 
process hence providing an indication of the glass transition temperature (Tg) 
(Cangialosi et al., 2003), which is a parameter regularly used in the design of 
synthetics and biomaterials with superior functionality (Slade & Franks, 2002). 
Utilization of a Tg value derived from the concept of free-volume overcomes the 
drawbacks associated with attempts made in the past to pinpoint molecular 
phenomena on the basis of empirical observations (Rieger, 2001; Kasapis & Al-
Marhoobi, 2005).   
Recently, Ngai and colleagues have postulated the use of the “coupling 
model” to address potential oversimplifications in the WLF/free volume theory that 
attempts to follow molecular dynamics over the entirety of the glass transition region 
(Ngai & Roland, 2000). They argued that in physics of densely packed systems, 
intermolecular interactions are more fundamental than free volume and ultimately 
govern molecular dynamics at the vicinity of Tg. Molecular relaxations following the 
transformation from the rubbery to glassy consistency could be grouped broadly into 
the Rouse modes, the sub-Rouse modes and the local segmental motions. Molecular 
relaxation around the glass transition temperature is dictated by the nature of local 
segmental motions, which dominate the extreme short time region of the viscoelastic 
spectrum. The motions are related to specific details of chemical structure that are 
responsible for the (i) strength of molecular cooperative dynamics and (ii) distribution 
of relaxation times at Tg (Yano et al., 2002). 
The coupling model is a new concept in research that deals with structure-





attempts to discuss its utility in relation to four distinct molecular fractions of gelatin 
and the published literature on the glass dispersion of amorphous synthetic polymers. 
 
 
4.3 Materials and Methods 
4.3.1 Materials and Sample Preparation 
The gelatin sample came in the form of pale yellowish granules that was 
prepared especially for research by Sanofi Bio-Industries (Carentan, France). 
Materials are the first four extracts from a single batch of cowhide produced by 
alkaline hydrolysis of collagen (type B) and are noted as PC1, PC2, PC3 and PC4. 
The weight average molecular weights (Mw) of the four fractions (PC1 to PC4), as 
determined by the manufacturer using pullulan standards and gel permeation 
chromatography, are 317.7 kD, 283.6 kD, 228.9 kD and 197.4 kD, respectively. 
Compared to the acidic process on pigskin, cowhides require the longer and more 
drastic lime treatment before extraction, as the skins are much older. In this case, the 
treatment may last several months and the long soak converts many of the basic side 
chains into acidic groups thus reducing considerably the resultant gelatin’s isoelectric 
point (pI = 4.5 determined by the manufacturer) due to the amidolysis of asparagine 
and glutamine amino acid residues. 
The glucose syrup was a product of Capital Glucose Co. Ltd, Thailand, with 
dextrose equivalent between 39 and 42 (DE gives the content of reducing end-groups 





the glucose syrup was considered in calculating the composition of samples, and the 
glucose syrup content reported refers to dry solids.  
Glucose syrup was added into the gelatin solutions in order to create a high 
solid system, so that the glass transition can be properly studied without interference 
of water crystallization. To prepare the high solids system, gelatin granules (15% w/w) 
were first soaked in deionized water at room temperature for half an hour and then 
heated to 60°C to fully dissolve them. Appropriate amounts of glucose syrup were 
then added into the gelatin solution while maintaining its temperature at 60°C. The 
mixture was stirred gently at 60°C until it was homogeneous and excess water was 
slowly evaporated at this temperature to bring the total level of solids to 80% (w/w).  
 
4.3.2 Experimental Protocol 
Mechanical properties of the gelatin/co-solute system were recorded with the 
Advanced Rheometrics Expansion System (ARES) as described in section 1.4.3. 
Parallel plate geometry of 5 mm diameter and a gap of 1 mm were adopted for all the 
measurements. Once the desired composition was reached, samples were loaded 
immediately onto the preheated platen (60°C) of the rheometer. A thin layer of silicon 
fluid from BDH (50 cS) was used to cover the exposed edge of the sample to prevent 
loss of moisture in the course of experimentation, the fluid is of sufficient low 
molecular weight to remain liquid-like at subzero temperatures. 
Small-deformation dynamic oscillation was employed to record a continuous 





cooling rate of 2°C/min and an observation frequency of 1 rad/s. Applied strain was 
varied during cooling to accommodate the dramatic change in rigidity of the material 
undergoing vitrification (from 5.0% to 0.02%).  
Further experimentation included isothermal time dependence of mechanical 
relaxation, which was assessed by transient stress relaxation tests at a series of 
temperatures ranging from -60°C to 9°C and recording data at three degree intervals. 
In doing so, stress was allowed to relax for eight minutes at each measuring 
temperature after application of an instantaneous strain, which varied from 0.02% to 
5.0% depending on the stiffness of the sample within the rubber to glass dispersion. 
For both dynamic oscillatory and stress relaxation experiments, applied strains were 
within the linear viscoelastic region of materials.  
Four molecular weight fractions of gelatin were investigated and in each case 
three samples were prepared and tested separately. Averages of essentially 
overlapping traces are reported for every molecular fraction, and nonlinear analysis of 
free-volume and coupling-model mathematical expressions was carried out using 
GraphPad Prism software Version 4. 
 
4.4 Results and Discussion 
4.4.1 Experimental Observations of the Viscoelastic Behavior of Molecular Gelatin 
Fractions in the Rubber to Glass Dispersion 
The temperature-dependent mechanical properties of biomaterials at 





behavior and produce two parameters, the storage modulus (G') and loss modulus (G") 
(Shrinivas, Kasapis, & Tongdang, 2009), and represent an obvious procedure of 
examining viscoelasticity as a function of temperature at constant frequency. The 
procedure is illustrated in Figure 4.1 by data for the gelatin/co-solute systems (PC1, 
PC2, PC3, and PC4) having been subjected to temperatures between 40°C and -60°C. 
The mechanical profile is due to gelatin vitrification since the direct low-viscosity 
solution to glass transformation of sugar syrup is quite distinct (Tsoga, Kasapis, & 
Richardson, 1999). It is well known in the literature that sugars do not exhibit the 
mechanical rubber-to-glass transformation as shown for gelatin in Figure 4.1. At the 
high temperature end, curves show clear evidence of a sol-to-gel transition (for 
example, with the G' trace overtaking the G" trace at about 30°C for PC4) where the 
damping factor (tan δ = G"/ G') collapse to values well below 1.0. 
With further cooling, there is a gradual increase in the values of both moduli 
shaping up a region where the consistency is that of a soft rubber. This is followed by 
a sharp upturn at subzero temperatures, with the viscous component becoming again 
dominant and the values of tan δ reaching its peak value. The spectacular 
development in viscoelasticity (three orders of magnitude from 105 Pa to 108 Pa) is 
known as the glass transition region, and it is governed by configurational vibrations 
of molecular segments that are shorter than the distance between cross-links or points 
of entanglement (Kasapis et al., 2002). At the low temperature end of Figure 4.1 there 
is another development at which the elastic component of the material dominates and 





only limited motions such as stretching and bending of chemical bonds or “β 













Figure 4.1. Temperature dependence of shear moduli and damping factor tan δ for a 
system containing 15% gelatin of the fraction (a) PC1; (b) PC2; (C) PC3; (d) PC4 and 
65% glucose syrup (scan rate: 2°C/min; frequency: 1 rad/s; strain varied from 0.02% 
to 5.0%). 
The temperature dependence of shear modulus at constant frequency was 
recorded for the four gelatin samples (PC1 to PC4), and Figure 4.2 reproduces the 
corresponding traces of tan δ for all samples. Values of 1.0 can serve as empirical 
indicators of the formation of a network and the onset of vitrification with controlled 
cooling for the temperature range of interest. The monotonic drop in tan δ values is 
indicative of gelation for all preparations, which moves to progressively higher 
temperatures from PC4 to PC1 (the horizontal tan δ trace of 1.0 being intersected at 
30°C and > 40°C, respectively). Elevated gelation temperatures with increasing 
molecular weight can be rationalized based on the high chance of collision among 






Figure 4.2. Temperature dependence of damping factor tan δ for the four systems 
(PC1 to PC4) containing 15% gelatin and 65% glucose syrup (scan rate: 2°C/min; 
frequency: 1 rad/s; strain varied from 0.02% to 5.0%). 
 
The rubbery plateau covers the area around the high-temperature trough in tan 
δ values (< 0.5) and the subsequent upswing in tan δ values of our materials ushers in 
the glass transition region. Maxima in tan δ traces increase by almost two-fold from 
1.60 to 2.73 for PC1 and PC4, respectively, an outcome that indicates a higher “sol-
fraction” in systems with decreasing molecular weight. Limited intermolecular 
associations leave substantial parts of the network as flexible entities in the disordered 
form contributing to higher values of the damping factor (Momany & Willett, 2002). 
Experimental traces are quite broad ranging from about 20 to -40°C, which signifies a 





weight of the gelatin fractions results in the horizontal displacement of thermal 
profiles, with tan δ maxima shifting from -2°C to -15°C for PC1 and PC4, 
respectively, an outcome that argues for delayed vitrification. 
The mechanical profiles of Figures 4.1 and 4.2 represent an obvious procedure 
to examine viscoelasticity in relation to temperature and frequency (i.e. time) of 
observation. Building on these findings, complete separation of the variables of 
frequency and temperature is attempted to identify the distinct contribution of each 
variable to structural properties. In doing so, a series of isothermal measurements 
over a temperature range of seventy degrees centigrade were implemented and data at 
temperature intervals of three degrees were recorded. Readings of stress relaxation at 
constant deformation were taken in order to expedite theoretical modeling of glass 













Figure 4.3. Isothermal stress relaxation modulus of a system containing 15% gelatin 
of the fraction (a) PC1; (b) PC2; (C) PC3; (d) PC4 and 65% glucose syrup. Bottom 
curve is taken at 9°C, other curves successively upward: 3, -3, -6, -9, -12, -15, -18, -
21, -24, -27, -30, -33, -36, -39, -42, -51, and -60°C, isothermal stress relaxation 
curves at 6, 0, -45, -48, -54, and -57°C are not presented to avoid clutter of data. 
Figure 4.3 reproduces the stress relaxation modulus, G(t), recorded as a 
function of time at different temperatures for the high solid systems containing 
different molecular fractions of gelatin. Data were then shifted horizontally along the 
logarithmic time axis using an arbitrarily chosen reference temperature (To is -21°C in 
this case) within the glass transition region to extend the experimental range of 
observation. Figure 4.4 reproduces the master curve of stress relaxation constructed 
following this approach for all gelatin samples. This is the basis of the separation of 
the variables of frequency or time and temperature and is known as the method of 
reduced variables (Liu, Bhandari, & Zhou, 2006). Good matching of the adjacent 





achieved presently leading to an extensive (up to seventeen orders of magnitude) time 
window of stress relaxation. The transition in mechanical properties from the rubbery 
state at long times (> 102 s) to the glassy plateau at short times (< 10-6 s) is clearly 
discernable. Stress relaxation patterns are profoundly dependent on molecular weight 
and shift steadily to longer times from PC4 to PC1. Since the length of the polymer 
chains directly affects the density of the structure-forming junction zones and the 
denser the junction zones the more rigid the molecular segments between them 
(Hawkins et al., 2008), gelatin networks containing long chains experience 
significantly larger resistance to the relaxation of the stress at the same temperature. 
 
Figure 4.4. Master curve of logarithmic stress relaxation modulus for the four 
systems (PC1 to PC4) containing 15% gelatin and 65% glucose syrup, which were 






4.4.2 The Use of Shift Factor for Modeling the Relaxation Dynamics of the 
Molecular Gelatin Fractions in the Glass Transition Region 
The method of reduced variables allows changes in temperature to be seen as 
shifts in the timescale of relaxation spectra taken in a sequence of temperature 
intervals and the extent of horizontal shifting is given as the factor aT (Hawkins et al., 
2008). As discussed in the preceding section, Figure 4.4 illustrates the reduced stress 
relaxation modulus, Gp(t), plotted against an extended time period generated from the 
numerical values of shift factor (t/aT). Besides the basic function of the time variable 
in Figure 4.4, the trace of Figure 4.5 plots logarithmically these values of shift factor 
aT, which measures the temperature dependence of all relaxation times against 













Figure 4.5. Logarithm of the shift factor, aT, of a system containing 65% glucose 
syrup and 15% gelatin of the fraction (a) PC1; (b) PC2; (C) PC3; (d) PC4 plotted 
against temperature from data of the master curves in Figure 7.4 (To = -21°C). 
 
Data shown in Figure 4.5 have values of log aT being zero at -21°C because 
this is arbitrarily chosen as the reference temperature. It appears that within the 
immediate temperature range below zero, the factor aT is not an exponential function 
of the reciprocal absolute temperature. Instead progress in viscoelasticity within the 
glass transition region can be made by considering the free volume theory as 
manifested by the WLF equation (Dlubek et al., 2003):   
 
log aT = −
C1
o(T − To )
C2
o + T − To





where C o1 and C
o
2 are WLF constants at the reference temperature To. The two 













        (4.3) 
where fo is the fractional free volume at To, αf is the thermal expansion coefficient and 
B is usually set to unity. By relating the WLF equation with free volume indicators, 
the analysis correlates the process of vitrification to changes in fractional free volume, 
thus making estimates of the glass transition temperature (Tg) more than an empirical 
number crunching exercise. 
The dependence of shift factor throughout the experimentally accessible 
temperature range is more complicated because it involves segments above and below 












)       (4.4) 
This is a modification of the Arrhenius equation, and a constant activation 
energy (Ea) can be used for calculating numerical values (R is the gas constant). In 
contrast, apparent activation energies derived from Equation 4.1 depend strongly on 





transition region in Figure 4.5 correspond to the rubbery and glassy zones of the 
gelatin/co-solute systems.  
The passage from the operational kinetics of free volume (WLF fit) to the 
predictions of the reaction rate theory (modified Arrhenius fit) takes place for the 
gelatin preparations between -33°C to -39°C. This transformation from free-volume 
driven effects within the glass transition region to a process that requires an energetic 
barrier to rotation from one conformational state to another in the solid-like 
environment of the glass can be considered as the mechanical glass transition 
temperature. Mechanistically, this type of derivation acquires physical significance 
since it reflects a threshold of two distinct molecular processes, as opposed to 
previously reported empirical indices for Tg based on observations from pictorial 
rheology (Rieger, 2001). Use of this framework of thought allows estimation of Tg 
and αf, C o1 , C
o




2  and fg at Tg. Data of all gelatin fractions are 
summarized in Table 4.1. 
Table 4.1. Values of WLF parameters for the four molecular gelatin fractions (PC1 to 
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PC1 14.41 74.71 0.030 17.17 62.71 0.025 4.03 -33.0 
PC2 13.54 68.91 0.032 16.84 55.41 0.026 4.65 -34.5 
PC3 11.76 63.81 0.038 15.38 48.81 0.028 5.79 -36.0 






It is noticeable that the values of fo increase systematically at the reference 
temperature of -21°C from about 3.0% to 4.0%, respectively, in PC1 and PC4, which 
should relate to the changing density of end groups in these materials. Molecular 
packing at the end of macromolecules is less perfect with shorter gelatin chains, thus 
introducing void space around the dangling ends of the polymeric network. 
Furthermore, the mechanical Tg is affected by molecular weight (about six degrees 
centigrade in Table 4.1), which results in an apparent acceleration of vitrification with 
increasing ability of the biopolymer to form a network. Vibration of chain segments 
between junction zones is hindered with increasing magnitude of intermolecular 
forces and entanglement of long chain segments allowing PC1 to enter the glassy 
state at a relatively high temperature. This statement is congruent with results 
reported earlier for gelling polysaccharides at which the glass transition temperature 
and the overall mechanical profile of the rubber-to-glass transition are strongly 
influenced by the polysaccharide particularly if it is network forming (Kasapis et al., 
2003). 
 
4.4.3 Correlation between the Coupling Modeling of Cooperativity and the 
Molecular Weight of Gelatin Fractions in Glass Related Structural Relaxations 
After deriving the time or temperature function of the softening dispersion and 
pinpointing its glass transition temperature, the molecular mechanism leading to the 
completion of vitrification is further identified. The coupling model of cooperativity 
proposes that local segmental motions within the Gaussian submolecule are 





biopolymer under investigation (Ngai, 2000b). The extent of interactions between 
neighboring segments relates to the distribution of relaxation times and can be 
followed by the so-called stretched exponential function of Kohlrausch, Williams and 





)β        (4.5) 
where τ is the relaxation time and β is the stretch exponent taking values between zero 
and one thus imparting a nonexponential character to the kinetics of structural 
relaxation in amorphous polymers.  
Mechanical measurements can be used to capture the dynamics of local 
segmental motions at the short-time portion of the glass transition region since by 
then the Gaussian submolecular motions of the extended Rouse model become 
inoperable. At the experimental timescale of operation appropriate for mechanical 
measurements, Equation 4.5 recasts for the stress relaxation modulus as follows 
(Robertson & Palade, 2006): 
 
G(t) = (Gg − Ge )exp[(−
t
τ
)1− n] + Ge      (4.6) 
where Gg is the unrelaxed glassy modulus, Ge is the relaxed or equilibrium modulus 
of the local segmental motions, t is the time after the application of a fixed strain, and 
n is the coupling constant (n = 1 – β). The last parameter reflects the strength of 
interactions (coupling) between the primitive (underlying) relaxation and the 













Figure 4.6. Short time region of the stress relaxation master curves of systems 





PC3; (d) PC4 at the reference temperature of their respective Tg, with empty circles 
indicating experimental data, and solid lines indicating predictions of KWW function. 
 
Figure 4.6 illustrates experimental points and the predicted KWW function 
from Equation 4.6 for the gelatin/co-solute systems at the extreme short-time segment 
of the master curve of stress relaxation. Modeling was attempted at the glass 
transition temperature of the systems where local segmental motions contribute to the 
viscoelastic spectrum. The nonlinear analysis was of high quality and are summarized 
in Table 4.2. Values of unrelaxed modulus are four to five times those of the 
equilibrium modulus, which is in agreement with data for amorphous synthetic 
polymers undergoing a glass transition (e.g. unplasticized and plasticized poly(vinyl 
chloride)) (Alves et al., 2004). It is expected that values of G(t) above Gg relate to 
secondary (β) relaxations whereas G(t) values below Ge describe extended Rouse-like 
modes (Robertson & Rademacher, 2004). 
Table 4.2. Experimental data utilized and coupling constants derived following 
KWW treatment of the four gelatin fractions (PC1 to PC4) in mixtures of 15% 
protein with 65% glucose syrup. 
Gelatin 
fractions  Gg (Pa) Ge (Pa) Gg/Ge n 
PC1 1.48×109 3.34×108 4.43 0.58 
PC2 1.47×109 3.20×108 4.59 0.57 
PC3 1.52×109 3.00×108 5.07 0.56 






Following the progression of mechanical data via KWW modeling produces 
increasingly higher values of the coupling constant from PC4 to PC1. This is the first 
time that a specific relationship has been documented between coupling constant and 
molecular weight of a biopolymer, and it is plotted in Figure 4.7. The higher the value 
of coupling constant the stronger the intermolecular coupling, which invites 
comparison with data from systems found in the literature. For synthetics, the n 
values of strongly interlinking or sterically interfering chains range between 0.66 and 
0.77 (poly(vinyl chloride), poly(methylmethacrylate), etc) (Ngai & Plazek, 1995). 
The structural properties of the glass dispersion in gelling polysaccharides (agarose, 
κ-carrageenan and deacylated gellan) in the presence of co-solute were found to yield 
n values between 0.59 and 0.64 (Jiang, Kasapis, & Kontogiorgis, 2011). The current 
estimates for gelatin are reasonable in terms of the increasing values of the coupling 
constant with molecular weight that facilitates structure formation and in comparison 






Figure 4.7. Coupling constant variation plotted against weight-average molecular 
weight for the four gelatin fractions (PC1 to PC4) in the standard composition of this 
work, i.e. 15% protein and 65% glucose syrup. 
 
Polysaccharides have highly persistent backbone geometry, as compared to a 
flexible and non-aggregating gelatin chain, which should enhance interactions 
between adjacent macromolecules leading to higher values of the coupling constant. 
In addition, while gelatin exhibits micro phase separation in mixture with 
polyxydroxyl compounds, polysaccharides networks could dissolve effectively within 
the saturated co-solute environment (Kasapis et al., 2003). Such distinct topology 
should further enhance interactions between macromolecules and surrounding 









The structural properties during the glass transition zone in agarose, κ-
carrageenan and deacylated gellan with co-solute (glucose syrup) at 80.0% (w/w) 
solids were studied. Investigative techniques used were small-deformation stress 
relaxation and dynamic oscillation on shear. Vitrification was monitored between -2 
and -50°C with both continuous thermal runs and isothermal frequency or time 
sweeps obtained at constant temperature intervals. The method of reduced variables 
was utilized to compose master curves from the isothermal stress relaxation 
experiments. The Williams, Landel and Ferry (WLF) equation was able to pinpoint 
the network Tg for these systems as the turning point from the predictions of the free 
volume theory in the transition region to those of the reaction rate theory at the glassy 
state. Further insights into the physics of intermolecular interactions at the vicinity of 
Tg were obtained using the coupling model of molecular dynamics in the form of the 
Kohlrausch, Williams and Watts (KWW) function. The model described well the 
spectral shape of the local segmental motions in polysaccharide/co-solute samples at 
the short-time region of the transition zone on the stress-relaxation master curves. 
Nonlinear regression analysis provided the intermolecular interaction constant and 
apparent relaxation time, which are valuable parameters for the elucidation of 






In the last 80 years or so that the scientific understanding of glassy systems 
has evolved, a fundamental question was the thermodynamic or kinetic nature of 
vitrification (Parks & Huffman, 1926). Glasses are formed when a liquid or a rubbery 
system is cooled so rapidly that there is no time for the molecules to rearrange 
themselves and pack into crystalline domains (Hutchinson, 1995). At the ‘glass 
transition region’ there is continuity in the primary thermodynamical variables of 
volume, enthalpy and free energy. On the other hand, the first derivative variables of 
coefficient of expansion (αp), heat capacity (Cp), etc. undergo marked changes in the 
course of a few degrees (Allen, Blanshard, & Lillford, 1993). Furthermore, the spike 
in αp and Cp observed at the crystallization temperature has no counterpart during 
vitrification. The process is considered to be in the nature of a second order 
thermodynamic transition in which the material undergoes a change in state but not in 
phase. In this context, an important consideration is the concept of plasticization and 
its effect on the glass transition temperature, Tg (Momany & Willett, 2002). A 
plasticizer is defined as a low molecular-weight substance incorporated in a material 
to increase its workability, flexibility or extensibility (Perry & Donald, 2002). 
There is as no fully satisfactory theory of glass transitions yet but there are 
several valuable ways of describing them in a quantitative fashion (Montserrat, 
Roman, & Colomer, 2003). In synthetic polymer science, the subject of the 
viscoelasticity of polymers has reached a notable level of development (Nandan, 
Kandpal, & Mathur, 2003), and it would make “a world of difference” if the 





conundrums of biomaterials. A certain approach used by polymer scientists to 
develop a mechanistic understanding of the rubber to glass transition is based on the 
concept of molecular free volume (Ferry, 1991). According to this, holes between the 
packing irregularities of long chain segments or the space required for their string-like 
movements account for free volume. Adding to that the space occupied by the van der 
Waals radii of polymeric contours and the thermal vibrations of individual residues, 
i.e. the occupied volume, we come up with the total volume per unit mass of a 
macromolecule. In polymer melts the proportion of free volume is usually 30% of the 
total volume, and the theory predicts that it collapses to about 3% at the glass 
transition (Cangialosi et al., 2003). 
Recently, the “coupling model” has been put forward to refine analysis based 
on the premise that intermolecular interactions are more fundamental than free 
volume and that they are the ultimate determining factor of molecular dynamics in 
densely packed polymer systems (Ngai, 2000a). It was also felt that in order to follow 
structural properties within the broad glass-transition region, the theory of free 
volume might have been unable to pinpoint the precise molecular dynamics operating 
at Tg (Alves et al., 2004). The coupling model allows the development of a 
connection between the conformational chemistry of monomers and the glassy 
behavior of polymer, with strongly interacting systems exhibiting high values of the 
coupling constant, n, and an apparently broad distribution of relaxation times 
(Robertson & Rademacher, 2004). The parameter n need not be constant during a 
relaxation, hence the approach is not thermorheologically simple (TS), which is a 





Work on polymer-solvent mixtures, polymer blends and block copolymers 
will provide additional tests as to the general applicability of the aforementioned 
framework of thought. In biomaterials, a start has been made by examining the 
relaxation dynamics of gelatin/glucose syrup mixtures throughout the glass transition 
region and at the vicinity of Tg, and demonstrating the applicability of the coupling 
model for such a system (Kasapis, 2006). This chapter of the thesis deals with the 
vitrification of polysaccharide/co-solute mixtures in conjunction with the published 
literature on gelatin and amorphous synthetic polymers. 
 
5.3 Materials and Methods 
5.3.1 Materials and Sample Preparation 
 Polysaccharides agarose, κ-carrageenan, and deacylated gellan were selected 
for the current study due to their common gelling mechanism of coil-helix transition. 
Agarose (Type 1-B) was purchased from Sigma-Aldrich (Gillingham, UK). It is a 
material of high gel strength recorded for 2.0% (w/w) polymer concentration in 
aqueous preparations of a previous investigation (G' ~ 34 kPa at 0ºC) (Shrinivas, 
Kasapis, & Tongdang, 2009). Using aqueous size exclusion chromatography, the 
supplier determined the number average molecular weight of this agarose sample (Mn 
~ 120 kD). Furthermore, moisture, ash and sulfate contents were of less than 10%, 
0.25% and 0.12%, respectively (w/w). 
The sample of κ-carrageenan was a gift from Hercules (Lille Skensved, 





sulfate group at position 2 of the 3,6-anhydride residue) constitute about 8% of the 
polymer. To prepare the polysaccharide in potassium form, Amberlite IR-120 ion-
exchange resin (BDH) was used. Two hundred grams of the resin materials were first 
wetted with distilled water. They were then exchanged into the acid form by eluting 
with 0.1N HCl solution until the eluent has a pH value of 1. The acidic resin materials 
were washed with distilled water until the pH became almost neutral, and exchanged 
to potassium form by eluting with 2M KCl solution until the eluent was again neutral. 
Excess salt was removed by elution with water until the washings no longer give a 
precipitate with silver nitrate (0.1M AgNO3), ie., chloride free. After preparing the 
resin, ion exchange was carried out at high temperature (> 85°C) to ensure the κ-
carrageenan remains in the disordered form. This was achieved by eluting the resin 
with hot (> 90°C) distilled water when washing off the excess salt. κ-Carrageenan 
solution was prepared by dissolving five grams of the polymer into 200 ml of distilled 
water at 90°C in a conical flask. The prepared hot resin materials in the potassium 
form were added into the conical flask and stirred for 30 min while keeping the 
temperature above 85°C. After decanting, the polymer solution was separated from 
the resin, dialyzed against hot distilled water in a hot water bath until the water was 
chloride free, finally the polymer solution was freeze-dried. κ-Carrageenan in the 
potassium form was characterized with intrinsic viscosity measurements, [η], at 
constant ionic strength (0.01M KCl) and 40°C yielding [η] = 10.5 ± 0.2 dl/g (Kasapis 
& Al-Marhoobi, 2005). 
The deacylated gellan sample used in this investigation was a gift from 





the glucose syrup was a product of Capital Glucose Co. Ltd, Thailand, with dextrose 
equivalent between 39 and 42 (DE gives the content of reducing end-groups relative 
to glucose as 100), and total level of solids of 84.9%. The moisture content of the 
glucose syrup was considered in calculating the composition of samples, and the 
glucose syrup content reported refers to dry solids. 
To prepare high solid samples, polysaccharides were dissolved in deionized 
water at 90°C with stirring for 15 min and then the temperature was dropped to 70°C 
for the addition of glucose syrup. After the mixtures are homogeneous, a solution of 
calcium chloride was introduced into the sample of deacylated gellan at 70°C to 
obtain 7.5 mM Ca2+ in the final mixture. In the case of κ-carrageenan, a solution of 
potassium chloride was used to obtain 10 mM K+ in the final mixture. Excess water 
was evaporated off to bring the total level of solids to 80.0% (w/w). The contents of 
agarose, κ-carrageenan, and deacylated gellan are 2.0%, 0.5% and 1% in final 
formulations, respectively (w/w).  All sample compositions mentioned below will be 
on w/w basis. 
 
5.3.2 Experimental Protocol 
 Samples were loaded onto the preheated plate of the rheometer at 60°C for 
subsequent experimentation. Throughout the temperature ramp (60 to -50°C) they 
adhered well to the driving surface of the instrument. In general, the experimental 
temperature range was wide enough to observe a transformation from the melt to the 





Small-deformation dynamic oscillation and stress relaxation experiments on 
shear were used to provide readings of the storage modulus (G') which is the elastic 
component of the network, loss modulus (G"; viscous component), and stress 
relaxation modulus, G(t). Variations with time and temperature were further assessed 
as a measure of the ‘damping factor’ (tan δ = G" / G') of the relative liquid-like and 
solid-like structure of the material (Malkin & Isayev, 2006). Measurements were 
performed with the Advanced Rheometrics Expansion System (ARES, TA 
Instruments, New Castle, DE, USA) as described in section 1.4.3. Parallel plate 
geometry of 5 mm diameter was used and gap was kept at 1 mm. 
The exposed edges of samples within the parallel-plate measuring geometry 
were covered with a layer of silicone fluid from BDH (50 cS) to minimize water loss. 
Samples were then subjected to a controlled cooling run (scan rate: 1°C/min) at the 
frequency of 1 rad/s, hence obtaining dynamic oscillatory data. Isothermal time 
dependence of mechanical relaxation was assessed by transient stress relaxation tests 
throughout the range of -50 to -2°C with temperature intervals of three degree 
centigrade. Samples were allowed to equilibrate isothermally for 10 min following 
application of an instantaneous strain and subsequent measurement of stress. The 
strain was varied from 0.02 to 1% at different temperature in order to accommodate 
the huge changes in the measured stiffness of the sample as a function of temperature.  
Three replicates were analyzed for each experimental preparation, with the 
rubber-to-glass transition being readily reproducible as a function of temperature or 
timescale of measurement. The nonlinear regression was carried out using GraphPad 





5.4 Results and Discussion 
5.4.1 Molecular Relaxations in Polysaccharide/co-Solute Systems as a Function of 
Temperature 
The present work constitutes a demonstration of the applicability of the 
synthetic polymer approach to the multifarious state transitions of high-solid 
biomaterials. The melt-to-glass transformation of polysaccharides (or gelatin) in the 
presence of co-solute is of fundamental and technological interest since these systems 
have widespread applications in processed foods and as excipients in 
pharmacotherapeutics (Rahman, 2006; Afoakwa, Paterson, & Fowler, 2007). An 
expedient protocol to obtain information on the structural properties of these 
materials is to examine the variation in G' and G" traces as a function of temperature 
at a constant frequency or time of observation. This is illustrated in Figure 5.1 for 
typical preparations of agarose, κ-carrageenan and deacylated gellan in the presence 
of glucose syrup as the co-solute, with the total level of solids in each case being 












Figure 5.1. Temperature dependence of G', G" and tan δ for (a) 2.0% agarose plus 
78.0% glucose syrup, (b) 0.5% κ-carrageenan plus 79.5% glucose syrup at 10 mM 
added KCl and (c) 1.0% deacylated gellan plus 79.0% glucose syrup at 7.5 mM added 
CaCl2 (scan rate: 1°C/min; frequency: 1 rad/s; strain: 0.01 to 1.0%). 
Considerable part of the “master curve of viscoelasticity” has been captured 
within the experimentally accessible temperature that ranged between 20 and -50°C. 
In detail, the contribution of polymeric network to viscoelastic behavior is seen at the 
upper range of temperatures where the storage modulus dominates the loss modulus 
leading to the formation of rubbery systems. Values of G' and G" remain relatively 
flat between 0 and 20°C at about 104 Pa. In the rubbery region, these are “true” gels 
that can support their shape against gravity at around ambient temperature and 
undergo a helix-to-coil transition at higher temperatures as monitored by dynamic 
oscillatory and differential scanning calorimetry profiles at high temperatures (50 to 





On further cooling (i.e. below 0°C in Figure 5.1), the shear moduli develop 
rapidly and we consider values up to 108 Pa. This is the glass transition region where 
a notable observation is the spectacular development of viscoelasticity, in this case, 
four orders of magnitude from ~ 104 to 108 Pa. In addition, viscoelastic parameters 
cross over and the viscous component of the network becomes dominant (G" > G') 
hence indicating that extensive topological entanglement or non-covalent cross-
linking, which governs mechanical response in the rubbery plateau, is not of 
overriding importance in this region (Tsui et al., 2006). Long range movements of the 
main chain contributing to elasticity are restricted but local relaxation processes that 
dissipate energy, for example of pendant groups, can occur leading to viscous outputs 
(Kasapis et al., 2007). 
At the lowest range of temperatures below -40°C, there is yet another 
development, with modulus traces crossing over for a second time (G' > G") resulting 
in a hard-solid response. This is the fourth region of the master curve of 
viscoelasticity, the so-called glassy state where transverse string-like vibrations of 
polymeric chains diminish with reduced temperature (Rahman, Al-Marhubi, & Al-
Mahrouqi, 2007). Stretching and bending of chemical bonds and other secondary 
mechanisms, for example of local segmental motions, are ubiquitous here leading to a 
dominant elastic output (Jazouli et al., 2005). In the glassy stage depicted in Figure 
5.1, the storage modulus is increasingly dominant and approaches equilibrium values 
in excess of 109 Pa, whereas the values of loss modulus diminish rapidly and end 
below 108 Pa in the recorded spectrum. All along, the derived damping factor (tan δ = 





the glass transition region, followed by large drops in magnitude in the glassy state 
(near zero at -50°C). 
 
5.4.2 Utilizing the Method of Reduced Variables to Model the Relaxation Behavior 
of Polysaccharide/co-Solute Systems 
 The thermal profiles of small-deformation modulus discussed in Figure 5.1 
allow a first insight into the structural properties of the materials. Measurements 
involve relaxation processes can be analyzed mathematically in terms of the 
mechanical spectrum of relaxation times (Shivakumar et al., 2005). This information 
is more valuable, it allows complete dissociation of the contributions of temperature 
and time to the overall mechanical behavior according to the postulates of the method 
of reduced variables, also called time-temperature superposition (TTS). The method 
affords a device for changes in temperature to be seen as shifts in the frequency or 
time scale of mechanical spectra taken in a sequence of temperature intervals (Hrma, 
2008). 
This work implemented TTS with stress relaxation experiments at fixed 
temperature intervals covering the range of -2 to -50°C to monitor the decay of stress-
relaxation modulus, G(t), over time. The modulus G(t) was selected because decay of 
the modulus with time can be easily used to test the applicability of the Kohlrausch, 
Williams and Watts (KWW) function (Hahn & Hillmyer, 2003). Numerical 
techniques are available to obtain G(t) from G'(ω) and G"(ω) but the Fourier 












Figure 5.2. Variation of the stress relaxation modulus for (a) 2.0% agarose plus 
78.0% glucose syrup, (b) 0.5% κ-carrageenan plus 79.5% glucose syrup at 10 mM 
added KCl and (c) 1.0% deacylated gellan plus 79.0% glucose syrup at 7.5 mM added 
CaCl2. Data at -5, -11, -17, -23, -41, and -47°C are not plotted to avoid clutter.  
Figure 5.2 reproduces data of the stress-relaxation modulus, which were 
recorded for mixtures of agarose, κ-carrageenan and deacylated gellan with glucose at 
seventeen different temperatures. Traces covering the long timescales of the upper 
range of temperature remain relatively flat within the rubbery region (e.g. at -2°C). 
Further cooling sees a rapid reinforcement of mechanical response shaping up an 
exponential profile that follows the glass transition region (e.g. at -26°C). At the low-
temperature end of the present experimental range, the values of G(t) level off once 
more with a quantifiable end-point thus unveiling the glassy state at -50°C. 
Further inroads into this school of thought require data reduction to a standard 





temperature (To) and shifting the remaining mechanical spectra left and right of this 
focal point along the logarithmic time axis. In doing so, the viscoelasticity at any 
stage of the thermal run can be related to that of the reference temperature as long as 
the timescale of the former is divided by a shift factor, aT, that reflects the extent of 
shifting (Huang & Paul, 2004). Exact matching of the shape of adjacent curves is a 
prerequisite for the applicability of TTS (Li & Yee, 2003). The factor aT was 
determined manually, and verified by the software of ARES (TA Orchestrator 7.0) to 








Figure 5.3. Master curve of stress relaxation modulus for (a) 2.0% agarose plus 





added KCl and (c) 1.0% deacylated gellan plus 79.0% glucose syrup at 7.5 mM added 
CaCl2. Data from Figure 8.2 were reduced to -29°C and plotted against logarithmic 
reduced time (t/aT). 
 
Figure 5.3 depicts the outcome of the horizontal superposition of the 
isothermal data shown in Figure 5.2 at the reference temperature of -29°C. This 
creates master curves of stress relaxation for the three polysaccharide/co-solute 
systems. The composite spectrum is a sigmoidal curve that extends over twelve 
orders of magnitude in timescale hence showing the transformation from a rubbery 
state at long times (> 104 s) to a glassy state at short times (< 10-3 s). Between the two 
extremities, modulus values rise rapidly in the glass transition and shape up the time 
analogue of the experimental temperature ramp recorded in Figure 5.1. 
 
5.4.3 Parameterization of the Stress Relaxation Master Curves of the Systems with 
the WLF and KWW Equations 
To move from the qualitative description of vitrification phenomena described 
in the preceding sections, the shift factor aT obtained by the reduction of mechanical 
spectra in Figure 5.3 was used. The main objective of this part of analysis is to 
pinpoint the glass transition temperature (Tg) of various preparations and this can be 
expedited by utilizing the concept of molecular free volume. The approach is 
compatible with the equation proposed by Williams, Landel and Ferry (WLF), which 
for the stress relaxation modulus recasts in the following mathematical form (Ferry, 
1980c): 



































where, the fractional free volume, fo, is the ratio of free to total volume of the 
molecule at To, αf is the thermal expansion coefficient, and B is usually set to one. 
The terms B/2.303fo and fo/αf are known as the WLF parameters C
o




Application of the combined framework of WLF/free volume theory to the 
three sets of horizontal shift factors of the polysaccharide/co-solute systems is 
depicted in Figure 5.4.  Equation 5.1 provides a good fit of the empirically derived 
shift factors in the glass transition region, which, for example, extends from about -2 
to -35°C for the κ-carrageenan preparations. This outcome argues that free volume is 








Figure 5.4. Logarithm of the reduction factor aT for (a) 2.0% agarose plus 78.0% 





KCl and (c) 1.0% deacylated gellan plus 79.0% glucose syrup at 7.5 mM added CaCl2,  
plotted against temperature from the data of the master curves in Figure 8.3. 
 
As shown in Figure 5.4, however, the shift factors of stress relaxation spectra 
at lower temperatures (< -40°C) unveil a pattern of behavior that cannot be followed 
by the WLF equation. Instead, progress in mechanical properties in this region is 
better described by the modified Arrhenius equation (Kasapis, 2008): 
  log aT = Ea (1/T – 1/To) / 2.303R     (5.2) 
This yields the concept of activation energy (Ea) for an elementary flow 
process, which is independent of temperature. It appears, therefore, that within the 
glassy state the factor aT is an exponential function of the reciprocal absolute 
temperature, so the logarithmic form with a constant energy of activation for an 
elementary flow process can be used for calculating numerical values. 
Clearly, the analysis amounts to more than curve fitting since in Figure 5.4 it 
identifies the glass transition temperature of preparations as a turning point where 
large configurational vibrations requiring free volume cease to be of overriding 
importance. Free volume parameters produced from the temperature dependence of 
shift factor for the stress-relaxation data of our polysaccharide/co-solute mixtures are 
given in Table 5.1. This definition of Tg at the threshold of predictions of free volume 
and reaction rate theories appears to be an improvement on several empirical indices 
of the mechanical Tg, which recorded an array of discontinuities in the slope of 
storage or loss modulus traces and large peaks in the damping factor, tan δ (Rieger, 
2001; Kasapis, Al-Marhoobi, & Mitchell, 2003). In the absence of a fundamental 





other molecular events (thermal relaxation, molecular degradation, etc.) to empirical 
indices of pictorial rheology. 
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Besides a thorough description of the material in terms of its composition or 
preparation history, the glass transition temperature also depends on the analytical 
method and protocol employed (Schmidt, 1999; Schmidt, 2004). Glass transition 
temperatures obtained for 80.0% (w/w) glucose syrup with / without small amount 
addition of polysaccharides by differential scanning calorimetry are close to -42.0°C 
(results are not shown here), whereas in the presence of gelling polysaccharide values 
of the mechanical Tg are higher about nine degrees centigrade (Figure 5.4). Unlike the 
DSC Tg, the mechanical Tg is affected by the nature of the macromolecule and cannot 
be predicted by the basic theoretical frameworks for mixed systems such as the 
Couchman-Karasz equation (Couchman & Karasz, 1978). The apparent acceleration 
of vitrification is related to the ability of polysaccharide to form a network, thus 
making the mechanical Tg synonymous to a network Tg. Therefore, the discrepancies 
observed in the values of mechanical and DSC Tg should not be perceived as an 
experimental artifact but, rather, a reflection of the distinct property and different 
scale being probed by the two techniques. 
Once the mechanical Tg is pinpointed, the stage is set for a more explicit 
analysis that considers the strength of interactions of local segmental motions 
responsible for the completion of vitrification with decreasing temperature. This type 
of information is not forthcoming from the WLF/free volume approach, which aims 
to follow the development of structural properties within the entirety of the broad 
glass transition region. At the glass transition temperature, Gaussian submolecular 
motions of the extended Rouse model contribute minimally to the viscoelastic 
spectrum allowing the local segmental motions to dominate (Tchesskaya, 2005). The 
nature of the local segmental motions is responsible for the glass transition 
temperature of an individual system, as monitored using several well established 
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techniques (Roland & Ngai, 1991). In particular, the extent of interactions between 
neighboring segments relates to the distribution of relaxation times and can be 
followed by the so-called stretched exponential function of KWW in the time domain 
(Ngai, 2000b): 
  φ(t) = exp[– (t / τ)] β       (5.3)          
where φ(t) and τ are the relaxation function and time, respectively. The stretch 
exponent β can take values between 0 and 1.0 thus imparting a non-exponential 
character to the kinetics of structural relaxation of glassy materials. At the times 
appropriate for mechanical measurements, Equation 5.3 recasts for the stress 
relaxation modulus of the present investigation as follows (Ngai, Magill, & Plazek, 
2000): 
G(t) = (Gg – Ge) exp[– (t / τ)1-n] + Ge     (5.4) 
where, Gg is the unrelaxed glassy modulus, Ge is the relaxed or equilibrium modulus 
of the local segmental motions and t is the time after the application of a fixed strain. 
The coupling constant, n (β = 1 – n), ranges from 0 to 1.0, reflects the intensity of 
interactions (coupling) between the primitive (underlying) relaxation and the 
physicochemical environment of the surrounding materials.  
Equation 5.4 has been designed to follow relaxation patterns reflecting 
segmental mobility provided that experimental values of the decaying stress-
relaxation modulus fall within the range of Gg > G(t) > Ge. Secondary (β) relaxations 
would be responsible for the region G(t) > Gg, whereas extended Rouse-like modes 
are expected to dominate at G(t) < Ge. Appropriate values of the unrelaxed and 
equilibrium modulus were selected for each preparation (e.g. Gg and Ge are taken to 
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be about 1.8 × 109 and 0.3 × 109 Pa, respectively, for the agarose/co-solute sample). 
This is in accordance with experience from synthetic polymer research where the 






Figure 5.5. Short time region of the stress-relaxation master curve for (a) 2.0% 
agarose plus 78.0% glucose syrup, (b) 0.5% κ-carrageenan plus 79.5% glucose syrup 
at 10 mM added KCl and (c) 1.0% deacylated gellan plus 79.0% glucose syrup at 7.5 
mM added CaCl2, at their respective Tgs, with open circles and solid lines indicating 
experimental data and the predictions of the KWW function, respectively. 
 
Figure 5.5 reproduces parts of the stress-relaxation composite curves of the 
polysaccharide/co-solute samples, which constitute the extreme short-time segments 
of the rubber-to-glass transition. Materials were tailored made at 80% total solids and 
specific polysaccharide concentrations to produce similar glass transition 
temperatures (-35 to -38°C). Data fits were implemented at the glass transition 
temperature of each preparation by fitting G(t) versus t with the two-parameter KWW 
function of Equation 9.4, thus obtaining n and τ, with the regression coefficient and 




In Figure 5.5, KWW modeling follows well the progression of mechanical 
data yielding values of the coupling constant and relaxation time for our materials, 
which are listed in Table 5.1. According to work in amorphous synthetic polymers, 
the higher the value of n the stronger the intermolecular coupling, which originates 
from the chemical structure of the macromolecule and its surrounding environment. It 
was found that the n values of strongly interlinking or sterically interfering chains of 
synthetic materials range between 0.66 and 0.77 (poly(vinyl chloride), 
poly(methylmethacrylate), etc) (Ngai & Plazek, 1995). Earlier work on 
gelatin/glucose syrup mixtures produced a coupling-constant estimate of 0.57. That 
was a reasonable finding considering that gelatin forms a non-aggregating network 
and a decrease in the surface of contact between the protein and polyhydroxyl co-
solute is necessary to induce thermodynamically favorable conditions in the mixture 
(Kasapis, 2006). 
Polysaccharides, on the other hand, exhibit distinct topology from that of 
gelatin in mixture with small polyhydroxyl compounds, with their network effectively 
being dissolved in the saturated co-solute environment (Kasapis et al., 2003). This 
should generate strong interactions between neighboring segments reflected in the 
values of coupling constant that extend to 0.64 in the case of agarose. As argued, the 
preferential exclusion of co-solute from the domain of gelatin prohibits the formation 
of a solvation sheath around the protein, which also results in a rapid relaxation time 
(τ ≈ 0.2 × 10-4 s). In support to the argument developed presently, molecular 
interactions between polysaccharide segments and glucose syrup are also seen in 
relatively high values of the apparent relaxation time of local segmental motions, i.e., 
τ  is ~0.047 s for the example of κ-carrageenan at the glass transition temperature. 
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CHAPTER 6. DIFFUSIONAL MOBILITY OF CAFFEINE IN κ-
CARRAGEENAN/CO-SOLUTE MATRIX IN THE VICINITY OF Tg 
 
6.1 Abstract 
 The diffusion kinetics of caffeine in two types of high solid matrix, glucose 
syrup alone and glucose syrup with κ-carrageenan, in the vicinity of their respective 
Tg was studied. DSC, small deformation dynamic oscillation, and UV spectroscopy 
were used as analyzing tools. Both DSC and small deformation dynamic oscillation 
were used to measure the Tg of the systems. Although DSC measurements resulted 
similar Tg for all the systems studied, rheology was able to detect the effect of 
incorporation of a small amount of gelling polysaccharide, κ-carrageenan, into the 
high solid glucose syrup system on the matrix Tg. UV spectroscopy was used to 
follow the translational diffusion of caffeine with time at different temperatures. 
Incorporation of κ-carrageenan was found to slow down the caffeine diffusion 
considerably due to its network forming property. It was also found that diffusion of 
caffeine became minimal at the vicinity of mechanical Tg, stressed the importance of 
mechanical property of the matrix on diffusional mobility of caffeine. Spectroscopic 
shift factors obtained from UV spectroscopy results were modeled as a function of 
temperature with both WLF and modified Arrhenius equations, yield fractional free 
volume and activation energy which are distinct from those of the matrix, both 




Vitrification or glass transition is a kinetic process originating from limitations 
on the rates of internal molecular adjustments due to variations of temperature, 
mechanical stress, or hydrodynamic pressure (Badii, MacNaughtan, & Farhat, 2005). 
The molecules couldn’t arrange themselves into ordered crystalline form, but “frozen” 
in the molecular arrangements of liquid with very high viscosity (about 1012 Pa·s), 
which virtually stop them from moving like a liquid. Both calorimetry and rheology 
are widely used for measurement of the glass transition temperature (Tg). Recently, it 
was found the rheological Tg is affected by the incorporation of a small amount of 
gelling polymer, but calorimetric Tg is not (Kasapis, 2006).  
The high viscosity of glassy systems was associated with limited molecular 
mobility and Tg was proposed to be the temperature that controls the rate of diffusion 
controlled chemical, enzymatic, and biological processes, below which these 
processes are thought to be extremely slow (Slade & Levine, 1991; Levine & Slade, 
1986). Rate of translational diffusion should be coupled with the viscosity of the 
material by the well-known Stokes-Einstein equation, and the temperature 
dependence of viscosity can be described by the Williams-Landel-Ferry (WLF) 
expression. Thus, the WLF relation between temperature and kinetics of diffusion 
controlled chemical reactions was tested in a number of studies. Nonenzymatic 
browning (Karmas, Buera, & Karel, 1992; Lievonen, Laaksonen, & Roos, 1998), 
aspartame degradation (Bell & Hageman, 1994), and pectin de-esterification (Terefe 
& hendrickx, 2002; Terefe et al., 2004) in the vicinity of Tg was studied by a few 
groups of researchers, with different results obtained. The inconclusive results can be 
due to the complex nature of the reactions under study, and the fail of the assumption 
that the reactions are diffusion controlled. To avoid complications from chemical 
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reactions, translational diffusion of fluorescein in amorphous sucrose-water mixtures 
(Champion et al., 1997) and water molecules in amorphous maltose-water mixtures 
(Park & Ring, 1995) were also evaluated, both found a decoupling effect of diffusion 
with viscosity at temperature close to glass transition temperature. 
Although it is a topic of great interest currently, studies have been focusing on 
small molecule carbohydrate as the diffusion media, and values of Tg was measured 
only with differential scanning calorimetry (DSC). The effect of incorporating gelling 
polymer into sugar matrix on the diffusion kinetics of a small molecular solute has not 
been tested. In particular, different Tg obtained by calorimetry and rheology of such a 
system poses a question that which temperature dictates the mobility kinetics of the 
solute.  
 
6.3 Materials and Methods 
6.3.1 Materials and Sample Preparation 
The sample of κ-carrageenan was a gift from Hercules (Lille Skensved, 
Denmark). The polymer was ion-exchanged into potassium form using Amberlite IR-
120 exchanging resin as described in section 5.3.1. The glucose syrup was a product 
of Capital Glucose Co. Ltd, Thailand, with dextrose equivalent between 39 and 42, 
and total level of solids of 84.9%. The moisture content of the glucose syrup was 
considered in calculating the composition of samples, and the glucose syrup content 
reported refers to dry solids. Dichloromethane (DCM) was purchased as an anhydrous 
colorless liquid from Sigma-Aldrich. 
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The 80% (w/w) glucose syrup sample (S1) was prepared by diluting the 
commercial glucose syrup sample with appropriate amount of deionized water while 
heated at 70°C.  
Glucose syrup sample with incorporation of caffeine (S2) was prepared by 
addition of appropriate amount of 1% (w/w) caffeine solution and deionized water 
into glucose syrup while heating at 70°C, the final homogenized mixture contains 
79.6% glucose syrup and 0.4% caffeine (w/w). 
High solid κ-carrageenan/glucose syrup sample (S3) was prepared by firstly 
dissolving κ-carrageenan in deionized water at 80°C with stirring for 10 min. The 
temperature was then dropped to 70°C for the addition of glucose syrup. After 
obtaining a homogenous mixture with stirring, a solution of potassium chloride was 
introduced to obtain 10 mM K+ in the final matrix. Excess water was evaporated off 
to bring the total level of solids to 80.0% (w/w). The final formulation contains 0.5% 
κ-carrageenan and 79.5% glucose syrup (w/w). 
To prepare the high-solid κ-carrageenan/glucose syrup matrix with 
incorporation of caffeine (S4), similar method as described in the previous paragraph 
was used except appropriate amount of 1% (w/w) caffeine solution was used instead 
of deionized water to dissolve the κ-carrageenan. The final mixture contains 0.5% κ-
carrageenan, 79.1% glucose syrup, and 0.4% caffeine (w/w). 
 
6.3.2 Differential Scanning Calorimetry 
Three high solid samples (S1, S2, S3, and S4, about 10 mg each), as described 
in section 6.3.1, were hermetically sealed in aluminum sample pans, and subjected to 
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DSC measurements (Mettler Toledo), with an empty sample pan as reference. The 
samples were cooled from 20°C to -90°C at 10°C/min, and then heated up to 0°C at 
2°C/min. Measurements were carried out in triplicates, with effectively overlapping 
traces. 
 
6.3.3 Small Deformation Dynamic Oscillation 
Small-deformation dynamic oscillation measurements were performed with 
the Advanced Rheometrics Expansion System (ARES, TA Instruments, New Castle, 
DE, USA) as described in section 1.4.3. Parallel plate geometry of 5 mm diameter and 
gap of 1 mm was used. Samples S1 and S3 prepared by the method in section 6.3.1 
were loaded onto the preheated platen of the rheometer at 60°C immediately after 
preparation. The exposed edges of samples were covered with a silicone fluid from 
BDH (50 cS) to minimize water loss. 
Samples were then subjected to a controlled cooling run (scan rate: 2°C/min) 
at the frequency of 1 rad/s, hence obtaining temperature variations of the storage 
modulus (G') which is the elastic component of the network, and loss modulus (G"; 
viscous component). Isothermal frequency dependence of dynamic oscillatory 
modulus (G' and G") were assessed by frequency sweep tests (0.1 rad/s to 100 rad/s) 
throughout the glass transition temperature range at fixed intervals. Frequency tests 
were performed from -50°C to -5°C at 3°C intervals for κ-carrageenan/glucose syrup 
sample and from -52°C to -8°C at 4°C intervals for glucose syrup sample.  




6.3.4 Diffusion Kinetics Using UV Spectroscopy 
Diffusion kinetics of sample S2 and S4 were studied using the same method. 
Four milliliter portion of sample (S2 or S4) was transferred into 30 ml glass vial using 
a syringe. Care was taken to avoid contamination of the side of the vial and minimize 
bubble formation during transfer. The vial and 16 ml of dichloromethane (DCM) were 
kept at desired temperature of measurement and allowed to equilibrate for 30 min. 
DCM was then transferred swiftly into the vial containing sample, and the vial was 
put back to the temperature controlling container. After required time for diffusion, 
the DCM portion was immediately transferred out, and absorbance at 275 nm was 
measured using UV-vis spectrophotometer (UV-1650PC, Shimadzu, Tokyo, Japan) to 
quantify the amount of caffeine diffused from the matrix into DCM. 
Diffusion experiments were carried out at 20, 10, 5, 0, -5, -10, -15, -20, -30, -
40, and -50°C using a cold bath (Thermo Scientific Neslab-CB80, USA) to study the 
temperature dependence of diffusion. To obtain the diffusion after 0 min of contact, 
after equilibration at desired temperature separately and mix, the sample vial with 
both matrix and DCM layers was allowed to reach the desired temperature, the DCM 
layer was immediately transferred out and absorbance was taken. Under each 
temperature, diffusion was also followed after longer periods of time (5, 10, 15, 20, 
25, 30, 40, 50, 60, 80, 100, 120, 150, 180, 210, and 240 min) to obtain a diffusion 
curve with time. Counting of diffusion time only started when the vial containing both 
matrix and DCM reached the desired temperature. The absorbance after 0 min of 
contact was subtracted from the measurements after allowing longer time of diffusion 
at the same temperature. Experiments were carried out in five replicates, and average 
values were reported. 
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6.4 Results and Discussion 
6.4.1 Calorimetric Glass Transition Temperature Measurement of the Systems 
Calorimetry has been a popular technique for monitoring the glass transition 
phenomenon, and glass transition temperature is quantified by an abrupt change of 
heat capacity measured by differential scanning calorimetry (DSC) (Liu, Bhandari, & 
Zhou, 2006). Figure 6.1 reproduces the DSC thermographs obtained for samples S1, 
S2, S3, and S4. The well-defined change of heat flow in the heating curves represents 
the glass transition zone, and the midpoints of the transitions were obtained by the 
Astar software. The midpoint Tg, is widely used to report Tg determined by DSC in 
the literature, together with the onset Tg and endpoint Tg. The DSC measurements 
yielded midpoint Tg of -42.0 ± 1.0°C for all the four samples. This value is 
comparable to the midpoint Tg of 80% glucose syrup reported by Kasapis and 
Shrinivas (Kasapis & Shrinivas, 2010), which is -43.0 ± 1.0°C. Figure 6.1 shows 
almost identical curves for the four samples, indicating the presence of a small 
amount of κ-carrageenan and caffeine does not alter the calorimetric Tg. Similar 
results were observed for agarose as well, where addition of  0.7% of the polymer into 





Figure 6.1. Variation of reversing heat flow as a function of temperature for samples 
S1, S2, S3, and S4 obtained using DSC at a heating rate of 2°C/min. 
 
6.4.2 Following the Mechanical Relaxation of the Systems Using the Concept of 
Free Volume 
To complement the thermal properties of the materials during glass transition, 
the mechanical manifestation of glass transition was studied using rheological 
techniques. The easiest way to cover as much as possible the change of viscoelastic 
behavior of a system from terminal region up to glassy state is to examine the shear 
modulus as a function of temperature at constant frequency, and Figure 6.2 
reproduces oscillatory data obtained from such experiments for samples S1 and S3. 
Contrary to the observation by DSC, addition of 0.5% of κ-carrageenan clearly 
resulted in a different mechanical response. Although both calorimetry and rheology 
are widely used to monitor the glass transition phenomenon of glass forming 
substances, recently it has been pointed out that incorporation of a small amount of 
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network-forming polymer into glucose syrup significantly affected the rheological Tg, 
with calorimetric Tg virtually unchanged, and the term “network Tg” was used to 
describe the rheological Tg of materials containing gelling polymers (Kasapis, 2008). 
 
Figure 6.2. Temperature dependence of shear moduli of matrix S1 and S3 (scan rate, 
2 °C/min; frequency, 1 rad/s; strain, 0.02 to 5%). 
 
While the matrix with κ-carrageenan (S3) unveils part of the rubbery plateau 
at temperature above 0°C (G' > G"), which enters the transition zone from 0°C down 
to -35°C, glucose syrup alone doesn’t exhibit rubbery plateau, but a continuation from 
the terminal zone directly into transition zone. This unique behavior of sugar syrup 
has been shown previously (Tsoga, Kasapis, & Richardson, 1999). Both systems enter 
the glassy state at the end of the cooling experiments as shown in Figure 6.2, where 




To separate the effect of temperature and time on mechanical properties, a 
method called time-temperature superposition (TTS) was employed. The method is 
based on the principle that the effect of a change in temperature is primarily to shift 
the frequency scale (Ferry, 1980b). Following this approach, mechanical spectra were 
taken at constant temperature intervals for both S1 and S3. Figure 6.3 and 6.4 shows 
the frequency dependence of shear modulus of S1 and S3 at different temperatures. 
Both moduli build up substantially with decreasing temperature as shown by the 





Figure 6.3. Frequency dependence of (a) G' and (b) G" of S1. Bottom curve was 
taken at -8°C, other curves successively upward: -12, -16, -20, -24, -28, -32, -36, -40, 






Figure 6.4. Frequency dependence of (a) G' and (b) G" of S3. Bottom curve was 
taken at -5°C, other curves successively upward: -8, -11, -14, -17, -20, -23, -26, -29, -
32, -35, -38, -41, and -50°C, data at -44 and -47°C are not presented to avoid clutter 
of data. 
 
The mechanical spectra were processed using the method of TTS, by which 
the isothermal mechanical data (G' and G") were shifted horizontally along the 
logarithmic frequency axis, centered on a chosen reference temperature (To) within 
the glass transition zone. The method produced smooth continuous master curves 
(Figure 6.5) for both elastic (G') and viscous (G") modulus on the logarithmic 
frequency scale, with the same amount of frequency shifted, which is an indication of 
thermorheological simplicity. Similar to the temperature variation of shear modulus 
(Figure 6.2), the master curves on the frequency scale again demonstrated the 
different mechanical behavior of glucose syrup with and without the addition of κ-
carrageenan. The master curve of glucose syrup alone enters the transition zone 
directly from the terminal region with increasing frequency, whereas that of glucose 
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syrup in the presence of κ-carrageenan exhibits the rubbery plateau, followed by the 





Figure 6.5. Master curves of reduced shear moduli (Gp' and Gp") for (a) sample S1 
and (b) sample S3 as a function of reduced frequency of oscillation (ωaT) based on the 
frequency sweeps of Figure 9.3 and Figure 9.4 (the reference temperature is -20°C). 
 
The amount of frequency shift due to the change of temperature is named shift 
factor (aT), and plots of logarithmic aT versus temperature for both S1 and S3 are 
shown in Figure 6.6. The plots of both systems revealed different temperature 
dependence of the logarithmic shift factors above and below a particular temperature; 
this temperature was determined to be the mechanical Tg, which is the turning point of 





Figure 6.6. Logarithmic shift factor aT of (a) matrix S1 and (b) matrix S3 plotted 
against temperature from data of the master curves in Figure 9.5. Reference 
temperature is -20°C, mechanical modeling and the mechanical glass transition 
temperature are also shown. 
 












)       (6.1) 
where Ea is the activation energy, R is the gas constant, and temperatures T and To are 
in Kelvin. The equation fits the data very well with R2 > 0.9996 for both systems, and 
curve fitting yielded values of constant activation energy for both systems, implying 
the constant activation energy is the dominating factor dictating the molecular 
mobility in these temperature ranges. 
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At temperatures above Tg, however, Equation 6.1 could not follow the 
progression of Log aT, instead, the WLF equation was found to describe the relation 
well (Ferry, 1980b): 
     (6.2) 
where aT is the shift factor, η and ηo are the viscosity at the testing temperature T and 
reference temperature To, and C o1 and C
o
2 are WLF constants at To, the two constants 













        (6.4) 
where fo is the fractional free volume, αf is the thermal expansion coefficient, and B is 
usually set to 1. By relating with the free volume indicators (fo and αf), the WLF 
relationship of log aT and temperature illustrates the temperature dependence of 
viscosity at glass transition region through the effect of free volume.  
The above mentioned scheme yielded values of mechanical Tg to be -44°C and 
-35°C for S1 and S3, as illustrated in Figure 6.6, as well as other free volume 
parameters (Table 6.1). Thus, the mechanical Tg is the temperature where the 
importance of large configurational vibrations requiring free volume is overtaken by 


















S1 10.51 69.63 0.0413 16.04 45.63 0.0271 5.93 -44.0 
S3 10.18 69.01 0.0427 13.01 54.01 0.0334 6.18 -35.0 
 
6.4.3 Diffusion Kinetics of Caffeine in the High Solid Matrix 
Caffeine was chosen as the diffusing compound from the gel matrix (consists 
of glucose syrup with/without κ-carrageenan) to dichloromethane (DCM) solvent as it 
is a small molecule compound exists in many food products such as coffee and tea. 
Caffeine was found to have its absorbance peak at 275 nm by scanning the DCM 
solution of caffeine as a function of wavelength. It was further verified that the 
absorbance at 275 nm has a linear relationship with caffeine concentration in DCM 
within the absorbance range of 0 – 2 AU.  
By observing the absorbance of caffeine in the DCM layer at fixed time 
intervals over 4 hours, the diffusion pattern of caffeine from the two types of matrix 
(S2 and S4) to DCM solvent was revealed. Figure 6.7 shows the diffusion of caffeine 
with time at different temperature ranging from 20°C down to -50°C from samples S2 
and S4. Clearly, addition of gelling polysaccharide κ-carrageenan to glucose syrup 
(S4) hindered the diffusion of caffeine from the matrix as illustrated by the much 
lower absorbance in Figure 6.7(b) compared to Figure 6.7(a). Although both systems 
(S2 and S4) have the same solid content, κ-carrageenan in S4 could form a 3-
dimensional network which strengthens the matrix and hinders caffeine diffusion. 
Furthermore, caffeine diffuses faster at the higher temperature in both systems, which 
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indicates higher molecular mobility. The slow diffusion of caffeine at low temperature 
resulted in very low absorbance of the DCM layer, thus, those samples were 
concentrated first before taking the absorbance, and the values of absorbance after 





Figure 6.7. Absorbance of caffeine diffused from (a) sample S2 and (b) sample S4 to 
DCM as a function of time at -50, -40, -30, -20, -15, -10, -5, 0, 5, 10, and 20°C 
obtained at 275nm. 
 
The effect of matrix vitrification on the caffeine mobility was further 
demonstrated by recasting the absorbance data in Figure 6.7 as a function of 
temperature after selected time of diffusion (Figure 6.8). Clearly, caffeine diffusion 
slowed down with decreasing temperature, and became minimal at -40°C and -30°C 
for S2 and S4, respectively, temperature close to their individual mechanical Tg. 
Although glucose syrup has similar calorimetric and mechanical Tg, matrix containing 
κ-carrageenan show different Tg values using the two methods, due to the effect of the 
network forming polysaccharide on the mechanical property of the matrix. Therefore, 
diminishing caffeine diffusion near the mechanical Tg of matrix demonstrated the 





Figure 6.8. Absorbance of caffeine diffused from (a) sample S2 and (b) sample S4 to 
DCM as a function of temperature for the time periods of 10, 30, 60, 120, and 240 




For both systems, as time extends, the diffusion of caffeine slows down 
(Figure 6.7), due to the decreasing caffeine concentration in the matrix and 
corresponding increasing caffeine concentration in the DCM layer. To avoid the effect 
of the concentration difference in the matrix and DCM, the extent of caffeine 
diffusion was evaluated by considering the first 30 mins of the spectra in Figure 6.7, 
which are approximately linear. The linear increase of absorbance with increasing 
time can be treated as a zero-order reaction, with the gradient being the rate constant 
expressed as k = dx / dt. A set of rate constants (k) for caffeine diffusion at different 
temperatures ranging from 20°C to -50°C were obtained, and the spectroscopic shift 
factor based on the rate constant was calculated by aT = ko / k, where ko is the rate 
constant at reference temperature of -20°C. The temperature dependence of caffeine 
diffusional mobility in sample S2 and S4 is illustrated by plotting logarithmic 
spectroscopic shift factor as a function of temperature, and this is compared with the 





Figure 6.9. (a) Temperature variation of the logarithmic mechanical shift factor aT 
within the glass transition region (○) and the glassy state (□) as shown in Figure 9.6 (a) 
for sample S1 plot together with the temperature variation of the logarithmic 
spectroscopic shift factor (▲) obtained for sample S2. (b) Temperature variation of 
the logarithmic mechanical shift factor aT within the glass transition region (○) and 
the glassy state (□) as shown in Figure 9.6 (b) for sample S3 plot together with the 
temperature variation of the logarithmic spectroscopic shift factor (▲) obtained for 
sample S4. 
 
In both systems, the caffeine diffusion kinetics shows much lower temperature 
dependence compared to that of matrix mechanical behavior (Figure 6.9). 
Furthermore, fitting the temperature dependence of caffeine diffusion within glass 
transition with WLF equation (Equation 6.2) returns the fractional free volume (fo) of 
12.3% and 14% at -20°C for systems S2 and S4, respectively. Even at their respective 
mechanical Tg (-44°C and -35°C for S1 and S3), the values of fractional free volume 
are still as large as 10.6% and 12.6%, far above the fractional free volume of 2.71% 
and 3.34% for matrix S1 and S3, indicating that although the matrix is immobilized 
by the small fractional free volume, caffeine molecules still have enough space to 
140 
 
move around. Similar result was found for the diffusion of short chain alcohols in 
maltose-water matrix (Gunning, Parker, & Ring, 2000) where diffusion does not 
follow the progression of viscosity during glass transition as predicted by the Stoke-
Einstein equation. The decoupling between the viscosity and translational diffusion of 
solute molecule indicates that translational motion of a solute molecule may not 
follow the viscosity of the matrix if this molecule does not belong to the medium and 
can move through the mobile domains following its own way. Indeed, for atomic, 
ionic, and small molecular species, it is well-known that the Stokes-Einstein relation 
underestimates diffusive mobility, i.e., molecules experience a viscosity that is 
smaller than the macroscopic viscosity (Parker & Ring, 1995; Gunning, Parker, & 
Ring, 2000). 
The temperature dependence of mobility kinetics was also tested against the 
modified Arrhenius relationship (Equation 6.1) and the constant activation energy (Ea) 
was found to be 21.81 and 23.23 kJ/mol for systems S2 and S4. This value is 
considerably lower compared to that of the matrix (98-140 kJ/mol) obtained by 
Kasapis (Kasapis, 2001), and similar phenomenon were obtained by previous studies 
for sucrose matrix (English & Dole, 1950; Champion et al., 1997). The low activation 
energy again reflects the high freedom of caffeine mobility within the matrix. 
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CHAPTER 7. EFFECT OF BIOPOLYMER INCORPORATION IN AN 
INSTANT RICE NOODLE SYSTEM 
 
7.1 Abstract 
The semi-synthetic nature of propylene glycol alginate (PGA) poses a 
regulatory problem to the product in certain markets, therefore, seven gums, including 
fenugreek gum, gum ghatti, gum arabic, carrageenan gum, agar gum, gellan gum, and 
xanthan gum, were screened in an attempt to find a natural alternative to PGA for the 
current rice noodle system. Rice noodle ingredients and instant rice noodles 
incorporated with different gums were evaluated. Small deformation rheology 
indicated that rice flour and tapioca starch contributed to the firmness and elasticity of 
the cooked noodles, respectively. Cooking yield and cooking lost tests, tensile test, 
and textural profile analysis (TPA) showed consistent results, demonstrated that both 
PGA and xanthan provided superior noodle quality compared to other rice noodle 
systems in terms of cooking and eating qualities. The superior qualities provided by 
PGA incorporation were attributed to its ability to encourage granule swelling and to 
induce more extensive leaching of amylose during steaming, as proved by swelling 
power and solubility test, measurement of gelatinization enthalpy, as well as FT-IR 
results. However, scanning electron microscopy (SEM) could not provide accurate 
information on the micro-structure of the cooked noodle systems due to inevitable 




With the expanding market of instant noodles globally (Pennapa, 2001), 
replacing wheat flour by rice flour from broken rice as the main ingredient has 
become an area of active research, because it can reduce the cost and increase 
domestic utilization of rice (Raina et al., 2005).  
Rice flour contains about 85-95% starch, in the form of amylose and 
amylopectin, and their proportions vary with cultivars (8-37% in 74 rice cultivars) 
(Juliano, Albano, & Cagampang, 1965; Kongseree & Juliano, 1972; Raghavendra Rao 
& Juliano, 1970; Reyes et al., 1965). In contrast to discrete, semicrystalline wheat 
starch granules, rice starch has a higher level of structure in which small individual 
granules are cohesively bound together to form compound starch granules. Besides 
starch, another two important components in rice flour are proteins and lipids, with 
protein content in the range of 4.5-15.9%, and lipids content in the range of 0.3-0.4% 
in non-waxy rice and about 0.03% in waxy rice (Bao & Bergman, 2004). Tapioca 
starch is extracted from cassava with low contents of proteins and lipids. Tapioca 
starch has bland taste, low gelatinization temperature, high swelling during 
gelatinization, and high viscosity of the starch paste (Moorthy, 2004). It is used as a 
minor ingredient in noodle to provide a more springy texture and faster rehydration 
(Li, 2003).  
Due to the absence of gluten in rice flour, hydrocolloids are normally added to 
obtain desirable rice noodle quality. The instant rice noodle under study contains rice 
flour, tapioca starch, palm oil, as well as PGA, and the PGA in the formulation could 
improve the cooking and eating qualities of the noodles. However, PGA is not 
accepted in some countries due to its semi-synthetic nature. This study aims to find an 
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alternative to PGA in the current instant rice noodle formulation from natural 
hydrocolloids which provides good cooking and eating qualities of the instant rice 
noodle, and to investigate the reason for improvement of noodle quality by PGA. 
 
7.3 Materials and Methods 
7.3.1 Materials and Sample Preparation 
Rice flour, tapioca starch, PGA, and fenugreek gum were provided by Nestlé 
R&D Centre (Singapore). Palm oil was purchased from local market (Duck vegetable 
cooking oil). Gum arabic was purchased from Sigma. Gum ghatti was purchased from 
Krystal Colloids (India). Xanthan gum, κ-carrageenan, agar, and gellan gum were 
purchased from Natural Colloids Industries (Singapore).  
Rice noodles were produced in the pilot plant of Nestlé R&D Centre 
(Singapore). Briefly, hydrocolloids were hydrated in water (wet mix), and rice flour 
and tapioca starch were mixed in a Hobart mixer (dry mix). The wet mix was then 
poured slowly into dry mix in the Hobart mixer with stirring, followed by addition of 
palm oil and subsequent mixing for 12 min. The mixture was sheeted twice with a 
roller into cohesive dough sheets, and then passed through a slitter, which cut the 
dough sheets into wavy noodle strands. Next, the noodles were passed through a 
steamer to partially gelatinize the starch, and lastly, they were cut into noodle cakes 
and fried to remove moisture. Fried noodle cakes were cooled and packed in plastic 
bags. Formulations for the tested noodle samples are listed in Appendix 2. The fried 




7.3.2 Rheological Measurements on Shear 
Breaking strains of 45% rice flour, 45% tapioca starch, and starch mixtures 
(38.6% rice flour + 6.4% tapioca starch) at 25°C were compared. AR1000N 
rheometer (TA Instruments, New Castle, DE, USA) equipped with parallel plate 
geometry of 40 mm diameter and gap of 2 mm were used.  
To prepare the single component suspensions, 2% (w/w) starch suspensions  
were first heated to 80°C for 5 min to gelatinize the starches, the remaining starches 
were added after the gelatinized starch solutions were cooled to room temperature to 
make up to the final starch concentration. The suspension of starch mixtures was 
prepared by gelatinizing 2% of rice flour followed by addition of the rest of the 
starches. The prepared suspensions were loaded onto the equilibrated rheometer plate, 
and gelatinized by a heating-cooling cycle (25°C à 99°C à 25°C), both heating and 
cooling rates were 2°C/min, strain and frequency used were 1% and 1 rad/s, 
respectively. 
Breaking strain of the starch gels were measured by scanning oscillatory strain 
from 0.01% to 100% at a fixed frequency of 1 rad/s. During all experiments, samples 
were covered by a layer of low viscosity silicon fluid to prevent moisture loss. 
 
7.3.3 Determination of Cooking Yield and Cooking Loss 
To determine the cooking yield and cooking loss of instant rice noodles, about 
35 g of noodle cake was weighed (W1) and cooked in 250 ml of rolling boiling water 
for 2 min without agitation. The container was removed from stove after 2 min and 
the noodle was agitated for 1 min to separate the aggregated noodle strands. After 
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agitation, the noodle was separated from the soup with a strainer and drained for 30 
sec before the second weight measurement (W2). The determination of cooking loss 
was done according to the method proposed by Mestres, Colonna, & Buleon (1988) 
which separated soluble loss from insoluble loss. The cooking utensil and strainer 
were washed with a small amount of distilled water, which was then combined with 
cooking soup and topped up to 250 ml. An aliquot (10 ml) of the combined soup was 
transferred to a centrifuge tube and centrifuged at 4000 rpm for 5 min. The 
supernatant was decanted to a new tube. Both the supernatant and the precipitate were 
dried in hot-air oven at 100°C for 48 hr. The weight of the residual dry matter in the 
supernatant (W3) and the precipitate (W4) was accurately weighed. Cooking yield was 
measured in triplicates and cooking loss in six replicates.  
Cooking yield = (W2/W1) × 100% 
Soluble cooking loss = (W3 × 250ml/10ml)/W1 × 100% 
Insoluble cooking loss = (W4 × 250ml/10ml)/W1 × 100% 
Total cooking loss = soluble cooking lose + insoluble cooking loss 
 
7.3.4 Tensile Test and Textural Profile Analysis 
Tensile test and textural profile analysis (TPA) (Figure 7.1) were done using 
TA-XT2i Texture Analyzer (Stable Micro Systems Ltd, England). Noodles were 
cooked as described in Section 7.3.3. The cooked noodles were analyzed immediately 
without draining to reflect the real textural properties of soup noodles. All tests were 
performed within 15 min after cooking.  
146 
 
            
Figure 7.1. Setups of tensile test (left) and TPA (right). 
 
In tensile tests, two ends of a cooked noodle strand were fixed to the two grips 
by winding two to three times around the grips (Figure 7.1 left). The maximum force 
(g) and distance (mm) required to break the noodle strand were measured. Totally 10 
replicates were tested, tensile strength and elasticity of noodles was determined 
according to the following formulation. 
Tensile strength = maximum force before the breakage  
Elasticity = noodle length just before breaking / original noodle length 
In TPA, two cooked noodle strands were placed on the platform of texture 
analyzer side by side (Figure 7.1 right). A cylindrical probe of 35 mm diameter was 
used to compress the samples to 75% strain for two consecutive times, and a curve of 
force as a function of time was recorded. Hardness, adhesiveness, cohesiveness, and 
springiness of noodles were obtained from the double compression curve using the 




7.3.5 Swelling Power and Solubility 
The swelling power and solubility of rice flour and tapioca starch controls 
were determined following the method in the literature (Crosbie et al., 1992). 
Approximately 0.4 g of sample (W1) was mixed with 12.5 ml of water in a Pyrex 
culture tube (16 mm diameter and 125 mm height). The mixture was allowed to 
equilibrate at 25°C for 5 min and then heated to 92.5°C for 30 min. The mixture was 
then cooled in an ice water bath for 1 min and equilibrated at 25°C for 5 min before it 
was centrifuged at 1000 rpm for 15 min. The wet sediment was separated from the 
supernatant and weighted (W2). The supernatant collected was evaporated at 130°C 
overnight and weighted (W3). The swelling power and solubility were calculated by 
the following equations. 
Swelling power = W2 / W1 
Solubility = W3 / W1 
The same steps were used in the determination of swelling power and 
solubility of rice flour and tapioca starch with PGA, except that about 0.02g of PGA 
(W4) was dissolved in the 12.5ml of water, heated to 60°C for 5 min and cooled to 
room temperature before 0.4g of starch sample was added. This additional step was to 
ensure that PGA was properly hydrated. The swelling power and solubility were 
calculated by the following equations. 
Swelling power = W2 / W1 
Solubility = (W3 – W4) / W1 
The calculation of solubility is based on the assumption that the hydrocolloid 
could be completely dissolved in water. This assumption was proved to be true by 
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dissolving 0.1 g of PGA in 50 ml of water, which resulted in 100% solubility. All 
experiments were carried out in triplicates. 
 
7.3.6 Differential Scanning Calorimetry 
Gelatinization of rice flour and tapioca starch (20%, w/w) suspensions with 
and without PGA (1%, w/w) was examined by DSC. For starch suspensions without 
PGA, 20% (w/w) of rice flour or tapioca starch was directly added to distilled water 
and mixed using a magnetic stirrer. For suspensions with incorporation of PGA, PGA 
was first dissolved in 80% (w/w) water at 60°C before addition of 20% starch. 
Differential scanning calorimetry was conducted using DSC 2920 instrument (DSC 
Series, TA Instruments, New Castle, U.S.). About 12.0 mg of the prepared mixtures 
were each weighed into a hermetic aluminum pan and sealed. These were allowed to 
equilibrate for one hour before analysis. The samples were then heated from 25°C to 
100°C at a rate of 10°C/min with an empty pan as a reference. The peak gelatinization 
temperature (Tp) and the enthalpy of gelatinization (∆H) were determined using the 
data processing software. 
 
7.3.7 Fourier Transform Infrared Spectroscopy 
Measurement was conducted with Perkin-Elmer FT-IR Spectrometer 
(Spectrum One, Shelton, USA). Five samples were analyzed, including 2% (w/w) 
PGA solution, 10% (w/w) rice flour gel, 10% (w/w) rice flour gel with 0.4% (w/w) 
PGA, 10% (w/w) tapioca starch gel, and 10% (w/w) tapioca starch gel with 0.4% 
(w/w) PGA. Starch samples without PGA were prepared and gelatinized as described 
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in section 7.3.2. Samples with PGA were prepared by dissolving PGA in water at 
60°C before addition of starch, followed by gelatinization as described in section 
7.3.2. After gelatinization, samples were dried in an oven at 50 °C for 48 h. KBr was 
dried in an oven at 105 °C for ≥24 h and both the samples and KBr were cooled in a 
desiccator. Next, 3 mg of the dried sample was ground and mixed thoroughly with 
250 mg of KBr powder for 10 min. The powdered mixture was compressed into a 1 
mm thick disc under pressure. The sample discs were scanned within the range of 
400-4000 cm-1 for 16 times and the average spectra were recorded after baseline 
correction by Spectrum v5.0.1 (Perkin-Elmer Instruments LLC, U.S.).  
 
7.3.8 Scanning Electron Microscopy 
Micrographs of the cross sections of cooked noodles were obtained with a 
JEOL JSM-5200 scanning electron microscope (Jeol Ltd, Tokyo, Japan). Noodles 
were cooked as described in section 7.3.3 and freeze dried for three days in a freeze-
dryer (Virtis Advantage, U.S.). A thin layer of the noodle was cut from the freeze-
dried noodles and the cross section was examined under microscope after coating 
using JEOL JFC-1600 Fine Coater (Jeol Ltd, Tokyo, Japan). The images at 500 times 
magnification were captured by SEMAfore software. 
 
7.4 Results and Discussion 
7.4.1 Breaking Strain of Rice Flour and Tapioca Starch 
Breaking strain of rice flour and tapioca starch at the same level of solid (45%) 
was compared in Figure 7.2. It was found that a much larger strain was required to 
150 
 
break the structure of tapioca starch gel (> 100%) than rice flour gel (16%). This 
property of tapioca starch could contribute to the more elastic and springy texture of 
the rice noodle, as well as a higher tensile strength. On the other hand, at the same 
level of solid, rice flour gel is much stronger than tapioca starch gel as shown by the 
much larger value of G'. Thus, rice flour provides the hardness and strength of the 
noodle system. Thus, combination of rice flour and tapioca starch was tested and 
compared to its individual components (Figure 7.2). 
 
Figure 7.2. G' against strain for gelatinized rice, tapioca and rice-tapioca mixtures. 
 
Figure 7.2 clearly shows that by mixing of tapioca starch and rice flour, the 
breaking strain of final starch gel increased from 16% of rice flour gel to 50%, while 
the magnitude of G' still match that of rice flour gel at around 105 Pa. This means the 
structure of the starch gel still has the high strength of rice flour gel, while its 
elasticity was increased dramatically due to addition of tapioca starch. The ratio of 
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tapioca to rice (1:6) in the mixture was selected based on their proportion in rice 
noodle formulation. However, an overall lower starch concentration was used 
compared to the rice noodle formulation due to the difficulty of preparing starch 
systems of higher solid content using lab facilities. 
 
7.4.2 Determination of Cooking Yield and Cooking Loss 
Cooking yield and cooking loss are important factors influencing cooking 
quality of noodles, and they were used frequently as an indicator of noodle quality. 
Cooking yield reflects the water holding capacity of noodles, and different amount of 
water absorbed during cooking in turn influence the eating quality of noodle. Cooking 
loss represents degree of starch leakage and structural breakdown during cooking, 
high cooking loss is undesirable as it results in turbidity of noodle soup, as well as 






Figure 7.3. Cooking yield (a) and cooking loss (b) of instant rice noodles (Guo, 2008). 
 
Measurements of cooking yield and cooking loss of different noodle samples 
were conducted by honor student under my supervision (Guo, 2008). While all noodle 
formulations showed similar cooking yield, noodles with PGA and xanthan showed 
significantly lower cooking loss than the rest, and blank noodle showed the highest 
cooking loss (Figure 7.3). Cooking loss is further divided into two parts, insoluble 
cooking loss caused by disintegration of noodle strands which results in falling of 
small noodle pieces from noodle strands, and soluble cooking loss resulted from 
leaching of amylose molecules or starch granules from noodle structure into cooking 
water. Noodle samples with PGA and xanthan showed low values of both insoluble 
and soluble cooking loss among all formulations. The low insoluble cooking loss of 
PGA and xanthan noodles suggested stronger starch gel against structure breakdown; 
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while low soluble cooking loss indicates less starch leakage from the noodles under 
cooking condition due to a tighter gel structure formed during gelatinization, which 
traps the granules within the structure.  
Hydrocolloids can improve noodle quality in two ways, they can influence 
gelatinization behavior of starch; or they can form thermal-irreversible gels which 
partly contribute to the noodle structure. In the former case, addition of hydrocolloids 
can induce earlier or more extensive swelling of the granules during steaming, due to 
the increase in adhesive interactions between the swollen granules in the presence of 
hydrocolloids, which could increase the forces applied onto each other, facilitating the 
entering of water, thus increasing swelling power. The increasingly swollen granules 
and the larger force exerted on the granules can cause an increase in amylose leaching 
(Mandala & Bayas, 2004). The more extensive amylose gel network formed up on 
cooling will be stronger and thus can prevent starch leakage during cooking. In the 
later case, the hydrocolloids can form thermal-irreversible network during noodle 
production, which strengthen the noodle structure and trap the partially gelatinized 
starch granules within their structures. Since both PGA and xanthan are non-gelling 
hydrocolloids, it is postulated that PGA and xanthan improved the quality of instant 
rice noodle by inducing earlier and / or faster leaching of amylose. The finding that 
addition of xanthan gum increased swelling power of starch (Mandala & Bayas, 2004) 
provided evident for the current postulation. Christianson et al. (1981) also reported 
that guar gum, xanthan and carboxymethyl cellulose significantly increased the peak 





7.4.3 Tensile Test and Textural Profile Analysis 
Figure 7.4 showed tensile strength and elasticity of cooking noodles obtained 
from tensile test, as well as the rest of the attributes from TPA, work was conducted 
by honors student under my supervision (Guo, 2008). Tensile strength, elasticity, and 
hardness reflect the strength of the material against elongation or compression. 
Adhesiveness is a measure of stickiness of the material surface. Cohesiveness 
illustrates how well the product withstands a second deformation relative to the first 
deformation, which is a measure of rapid structural recovery. Springiness measures 
the elastic behaviour of the product. The magnitudes of the attributes were scaled up 
or down in order to be plotted into one graph. Thus, the different noodle formulations 


















































As shown in Figure 7.4, noodles formulated with PGA and xanthan showed 
significantly higher tensile strength, elasticity, and hardness than the rest. This 
indicated the internal structure of cooked PGA and xanthan noodles are stronger 
against deformation. Besides stronger structure, PGA and xanthan noodles had 
relatively low adhesiveness among the all, while noodle without hydrocolloid added 
(blank), noodles with incorporation of gum Arabic or gellan had much higher 
adhesiveness than the rest. The results suggested low level of starch leakage in PGA 
and xanthan noodles, and a much higher level of starch leakage in blank, Arabic, and 
gellan noodle. Neither cohesiveness nor springiness showed significant difference 
among the noodle samples. In summary, the result obtained using texture analyzer 
demonstrated that the structure of cooked PGA and xanthan noodles was more 
resistant to deformation, and these formulations have relatively low level of starch 
leakage during cooking. On the other hand, severe starch leakage occurred during 
cooking of blank, Arabic, and gellan noodles. 
The adhesiveness of noodles showed a high degree of variation, and increasing 
number of measurement could not solve the problem. This large variation was 
attributed to the time-dependency of noodle surface adhesiveness, which is related to 
the degree of water evaporation. The adhesiveness was found to drop as water was 
evaporated, thus, adhesiveness decreased with time. Though all the measurements 
were done within 15 min after cooking, the difference in the degree of water 
evaporation was large enough to cause the large variation in the measurements. The 
results from tensile tests and TPA further supports the conclusion obtained from 
cooking yield and cooking loss measurement, both suggesting stronger starch gel 




7.4.4 Swelling Power and Solubility 
Upon subjection to heat in the presence of excess water (i.e. cooking), the 
starch granules will swell and some amylose molecules originally packed inside 
granules can leach out. This phenomenon is due to the disruption of crystalline 
structure upon the breakage of hydrogen bonds, which resulted in the formation of 
hydrogen bonds between water molecules and the exposed hydroxyl group of amylose 
and amylopectin (Bao & Bergman, 2004). Swelling power and solubility of starch 
describe the ability of starch granules to swell and extent of amylose leakage when 





Figure 7.5. Swelling power (a) and solubility (b) of rice flour and tapioca starch with 
/without PGA (Tan, 2009). 
 
Swelling power and solubility of rice flour and tapioca starch were measured 
by honor student under my supervision (Tan, 2009)Figure 7.5 shows addition of PGA 
increased swelling power of rice flour and solubility of both types of starch 
dramatically, further proves the postulation stated in section 7.4.2. The increase of 
swelling power and solubility of starch by incorporation of hydrocolloid has also been 
explained in section 7.4.2. 
 
7.4.5 Gelatinization Temperature and Enthalpy 
Starch gelatinization can be followed by DSC, which provides information on 
both gelatinization temperature and enthalpy. These parameters for 20% rice flour and 
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20% tapioca starch suspensions were obtained by honors student (Tan, 2009), and 
compared with those of starch suspensions with addition of 1% PGA in Table 7.1. 
Table 7.1. Gelatinization parameters of rice flour and tapioca starch with / without 
PGA (Tan, 2009). 
 
RF TS 
Control With PGA Control With PGA 
∆H (J/g) 0.79 ± 0.10 0.67 ± 0.01 2.65 ± 0.05 1.73 ± 0.23 
Tp (°C) 78.39 ± 0.12 78.86 ± 0.06 69.15 ± 0.65 69.71 ± 0.70 
  
Addition of PGA did not change the peak gelatinization temperature (Tp) 
significantly. However, enthalpy of gelatinization of both rice flour and tapioca starch 
decreased by the addition of PGA, due to higher level of amylose leached into water. 
It has been shown that the addition of hydrocolloid could decrease the enthalpy of 
gelatinization by 1 – 3 J/g of flour (Rojas et al, 1999). High amylose content can 
lower the enthalpy of gelatinization because of the larger amorphous areas between 
the starch granules caused by the amylose molecules in the intergranular matrix 
(Hung et al., 2008). 
 
7.4.6 Fourier Transform Infrared Spectroscopy 
 Physical / chemical interactions between PGA and starches of gel systems 





Figure 7.6. FT-IR Spectra of PGA, gelatinized rice and tapioca starch with / without 
addition of PGA (Ang, 2007). 
 
Figure 7.6 showed very similar spectra for all the samples examined. The 
assignment of the absorption bands are listed in Appendix 3 & 4. Although no 
difference can be found between tapioca and rice starch systems (spectra b and d), a 
closer look of the spectra revealed the difference between PGA (spectrum a) and a 
starch system (spectra b and d). Firstly, the spectra of tapioca and rice starches 
exhibited complex vibrations at low wave numbers (below 800 cm−1) due to skeletal 
mode vibrations of the glucose pyranose ring (Ramazan, Joseph, & Koushik, 2002). 
Furthermore, in PGA spectrum, the bands at 1420 and 1328 cm−1 indicated the 
presence of guluronic acids, bands at 1252, 893 and 815 cm−1 represented mannuronic 
acids (Celine, Dudley, & Brian, 1997), and the presence of ester bonds in PGA system 
was suggested by bands at 1614 and 1739 cm−1 (Eilish et al., 2006).  
However, the addition of PGA into a starch based system did not change the 
spectra of gelatinized rice flour (spectra d and e) or tapioca starch (spectra b and c), 
indicating no interaction between PGA and rice or tapioca starches in the examined 
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system. The current result is in congruent with conclusions obtained from sections 
10.4.2-10.4.5, that PGA improved the rice noodle quality by influencing 
gelatinization behavior of starch, without direct interaction with starch molecules. 
However, the amount of PGA added was very low compared to that of starch in the 
system, thus, it is possible that the existed interactions were not detected. 
 
7.4.7 Scanning Electron Microscopy 
Microstructures of the cooked noodles were examined using SEM by honors 
student (Guo, 2008), in an attempt to prove the difference of starch gel structure of 
different noodle formulations. 
Table 7.2 gives the micrographs of the cross section of the nine noodle 
formulations characterized by a continuous phase formed by connected starch patches 
with holes. The patches in the micrographs are formed by association of leached 
amylose and amylopectin chains, whereas the holes were occupied by water, which 
was evaporated during freeze drying. Table 7.2 shows the gelatinized starch structure 
without intact starch granules. This means the starch native granular structures in 
noodle were completely disrupted during cooking by the abundant amount of boiling 
water. Similar structure has been observed in cooked spaghetti under SEM (Cunin et 




















































































































































However, structures of noodles with PGA and xanthan (B & I) do not show 
distinct difference from the rest of the samples, neither do they have distinct 
similarities. In addition, micrographs D, F, and H showed a highly porous structure 
with holes of polydispersed sizes. This structure resembles that of a low solid gel, 
where the continuous phase was formed by association of gelling polymers and holes 
were occupied by water. Similar structures have been observed in 4% starch paste 
made from corn starch (Fannon & BeMiller, 1992) and 2% agar gel (Phillips & 
Williams, 2000). A structure of low solid system found in the current study could be 
due to the heterogeneity of the system. Industrial production involves mixing of large 
amount of ingredients, it is impossible to achieve homogeneity. Thus, there is no 
guarantee that the tiny section used for microscopic observation would be a 
representative sample of the whole batch.  
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CHAPTER 8. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
This part of the thesis dealt with high solid systems involving biopolymers. 
Chapter 4 and 5 evaluated the applicability of the new approach, the coupling model, 
to the glass transition of biopolymer/co-solute systems; in particular, gelatin, agarose, 
κ-carrageenan, and deacylated gellan were studied. Modeling with the KWW function 
showed the difference in molecular relaxation of gelatin and the polysaccharides. 
Polysaccharides exhibit distinct topology from that of gelatin in mixture with small 
polyhydroxyl compounds, with their network effectively being dissolved in the 
saturated co-solute environment. On the other hand, gelatin forms a non-aggregating 
network, and a decrease in the surface of contact between the protein and 
polyhydroxyl co-solute is necessary to induce thermodynamically favorable 
conditions in the mixture (Kasapis et al., 2003). Thus, the complete dissolvation of 
polysaccharide molecules in saturated sugar environment should generate strong 
interactions between neighboring segments reflected in the values of coupling 
constant that extend from 0.59 for deacylated gellan to 0.64 for agarose. In the case of 
gelatin systems, weaker molecular coupling due to the demixed structure of 
gelatin/co-solute systems can be proved by the smaller coupling constant, ranging 
from 0.55 to 0.58 for different gelatin fractions. Furthermore, the effect of gelatin 
molecular weight on the glass transition of the systems was evaluated. It was found 
that molecular weight can affect many parameters related to glass transition, including 
the glass transition temperature, fractional free volume, and coupling constant. The 
effect of molecular weight was explained by both imperfect packing around molecular 
ends, and strength of molecular coupling of molecules of different sizes. 
After characterizing the glass transition of high solid systems, diffusional 
mobility of a small molecule compound in such systems at the vicinity of Tg was 
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further studied. Pure glucose syrup system and κ-carrageenan/co-solute system were 
used as examples and the diffusional mobility of caffeine in the matrices was 
followed in Chapter 6. Incorporation of gelling polysaccharide κ-carrageenan into 
glucose syrup matrix slows down the translational diffusion of caffeine considerably, 
and the diffusion dynamics of caffeine was found to the related to the mechanical Tg 
of the matrix for the first time. Modeling caffeine diffusion using WLF equation and 
modified Arrhenius equation helped to draw the conclusion that translational motion 
of a solute molecule may not follow the viscosity of the matrix if this molecule does 
not belong to the medium and can move through the mobile domains following its 
own way. 
Lastly, Chapter 7 explored the application of a number of hydrocolloids in an 
instant rice noodle system. Of all the hydrocolloids studied, PGA and xanthan 
produced noodles of the best cooking and eating quality. And this was explained by 
the ability of the hydrocolloids to induce more extensive swelling of starch granules 
and subsequent leaching of amylose during steaming. The larger amount of free 
amylose could form a tighter network upon cooling, which improves the cooking and 
eating quality of the noodles. Thus, xanthan could be a suitable alternative to PGA in 
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(%) Salt (mM) 
Water 
(%) 
Blank 58.8 11.2 2.1 – – 27.9 
PGA 58.3 11.1 2.1 0.7 – 27.8 
Fenugreek 59.5 11.2 2.1 0.7 – 26.5 
Ghatti 59.5 11.2 2.1 0.7 – 26.5 
Arabic 58.5 10.9 2.1 2.0 – 26.5 
Agar 57.9 11.0 2.1 1.0 – 28.0 
Carrageenan 57.9 11.0 2.1 1.0 50 (KCl) 28.0 
Gellan 57.9 11.0 2.1 1.0 7 (CaCl2) 28.0 





APPENDIX 3. Assignment of IR absorption bands for PGA 
 
Wave number (cm-1) Intensity-shape Assignment of bonds 
3700-3000 very strong-broad O-H stretching 
2970-2930 weak-sharp C-H stretching 
1739 weak-sharp C=O stretching 
1614 strong-sharp COO-1 stretching (asymmetric) 
1420 medium-sharp COO-1 stretching (symmetric) 
1328 weak-broad C-O stretching 
1252 weak- shoulder C-O stretching 
1200-1030 very strong-sharp C-O & C-C stretching 
893 weak- shoulder C-C stretching, C-C-H & C-O 
bending 




APPENDIX 4. Assignment of IR absorption bands for gelatinized tapioca / rice starches 
 
Wave number (cm-1) Intensity-shape Assignment of bonds 
3600-3000 very strong-broad O-H stretching 
2929 medium-shoulder C-H stretching (asymmetric) 
1652 strong-sharp O-H stretching 
1420 weak- shoulder C-H bending 
1159 weak-sharp C-O stretching (asymmetric) 
1100-900 weak- shoulder C-O, C-C, C-O-H stretching 
857 weak-sharp C-H deformation 
762 weak-sharp C-C stretching 
 
 
 
